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Abstract 
Catchment urbanisation is associated with the global degradation of freshwater 
ecosystems, including poor water quality, sediment contamination and exotic weed 
invasions. Urban ecosystems are identified as exhibiting distinct patterns of elevated 
major ions (including calcium, potassium and bicarbonate) and metals, referred to as 
the ‘urban geochemical signature’. However, the implications of this modified urban 
fingerprint on physical, chemical and biological attributes of sensitive freshwater 
systems is not well-known.  
Blue Mountains Upland Swamps are listed as an ‘endangered ecological community’ 
under State and Federal legislation and are home to a range of endangered flora and 
fauna. These ecosystems provide a unique case study to examine the effects of 
catchment urbanisation on a fragile freshwater environment with high conservation 
value. This study investigated whether urban Blue Mountains Upland Swamps 
exhibit altered elemental composition compared to naturally vegetated swamp 
catchments. Water, sediment and foliage chemistry was assessed within four urban 
and four naturally vegetated Blue Mountains Upland Swamp catchments, through 
field monitoring and a range of routine and innovative laboratory techniques 
(including scanning electron microscopy, x-ray diffraction and acid digestion 
methods).  
Urban swamps exhibited a distinct elemental signature compared to naturally 
vegetated swamps. Water in urban swamps displayed higher pH, ionic strength and 
had elevated concentrations of major ions (particularly calcium and bicarbonate) and 
metals (including strontium, barium, manganese and iron). Sediment from urban 
swamps had higher concentrations of calcium, with calcium hydroxide detected at 
two of the urban sites. Analysis of foliage tissue suggested the potential for foliage 
from urban catchments to exhibit higher concentrations of calcium, bicarbonate and 
potassium compared to non-urban catchments, however there was variability 
between sites and exotic and native species.   
Urban development alters natural hydrology and channels surface runoff into 
concrete drainage infrastructure, which can modify water chemistry. Findings from 
this study suggest that urbanisation remains a potential source of chemical 
modification within BMUS. Understanding the impacts of urban development is key 
xiii 
 
to guiding management and promoting conservation within fragile environments. In 
an increasingly urban world, this research can be applied at local and international 
scales, assisting to identify the ecological consequences of urbanisation and shape 
management approaches within fragile freshwater environments. 
1 
 
1. Introduction 
1.1 Urbanisation – a global environmental issue 
Urbanisation is occurring on a global scale, whereby a larger proportion of the 
population are residing in cities and urban areas (Kaushal, McDowell & Wollheim 
2014). This trend is set to increase in the future, with predictions that 66% of the 
population will live in urban areas by 2050 (United Nations 2015). This is resulting 
in an increase in urban land use and urban development (Kaye et al. 2006). Urban 
development refers to the built environment that is constructed by humans, occurs in 
densely populated areas and covers a significant proportion of the land surface, 
including residential, commercial and industrial buildings, roads and infrastructure 
such as stormwater drainage, waste and sewage systems (Kaye et al. 2006; Pickett et 
al. 2011; Figure 1). Land use plays a crucial role in determining the health and 
condition of natural ecosystems (Lyons & Harmon 2012), and increasing 
urbanisation has significant environmental consequences, including affecting 
hydrology, biogeochemical cycles, biodiversity and influencing the structure and 
functioning of natural ecosystems (Kaye et al. 2006; Grimm et al. 2008). In 
particular, the impacts of urban development have been extensively documented in 
aquatic ecosystems, including rivers and streams (Paul & Meyer 2001; Walsh et al. 
2005).   
 
Figure 1. Examples of infrastructure and impervious surfaces that are common 
in urban environments, including a). buildings and driveways that are common 
in suburban areas (ABC News 2017) and b). roads (such as the Great Western 
Highway, Blue Mountains) (RMS 2016).  
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1.2 Urban stream syndrome  
Catchment urbanisation has been associated with the alteration of water quality and 
degradation of the health and condition of urban freshwater ecosystems (Paul & 
Meyer 2001; Hatt et al. 2004; Meyer, Paul & Taulbee 2005; Walsh et al. 2005; 
Wright et al. 2011; Kaushal et al. 2013; Chambers et al. 2016; Vietz, Walsh & 
Fletcher 2016; Kaushal et al. 2017). Referred to as ‘urban stream syndrome’ (USS; 
Paul & Meyer 2001), the occurrence of this phenomenon in urban aquatic 
ecosystems is characterised by altered hydrology, such as altered flow regime; 
increased surface runoff and flashiness of flow; reduced infiltration due to high 
coverage of impervious surfaces such as concrete; and altered water chemistry, such 
as elevated pH, electrical conductivity (EC; or salinity) and higher levels of nutrients 
(such as nitrogen (including NO3
-, NO2
-, NH4
+ and NH3) and phosphorus (for 
example PO4
3-)), sediments and pollutants present in urban runoff (Paul & Meyer 
2001; Meyer, Paul & Taulbee 2005; Tippler, Wright & Hanlon 2012; Beck, McHale 
& Hess 2016; Hasenmueller et al. 2017).  
The effects of catchment urbanisation and USS contribute to physical, chemical and 
biological changes to the environment (Pickett et al. 2011; Tippler, Wright & Hanlon 
2012). Physical modifications include erosion, habitat loss, altered stream 
morphology, channelisation of wetlands and loss of riparian habitat (Conway 2007; 
Pickett et al. 2011; Fryirs, Freidman & Kohlhagen 2012; Vietz et al. 2014; Chambers 
et al. 2016; Vietz, Walsh & Fletcher 2016; Figure 2). Urban land use often 
contaminates water and soil with a spectrum of pollutants such as metals, pesticides 
and nutrients from sources such as stormwater, sewage, waste products and garden 
fertilisers, thereby altering chemical conditions within aquatic ecosystems (Thornton 
1991; Paul & Meyer 2001; King & Buckney 2002; Leishman, Hughes & Gore 2004; 
Meyer, Paul & Taulbee 2005; Walsh et al. 2005; Fitzpatrick, Long & Pijanowski 
2007; Bain, Yesilonis & Pouyat 2012; Lyons & Harmon 2012; Connor et al. 2014; 
Kaushal et al. 2017; Grella, Renshaw & Wright 2018). Finally, biological changes 
can occur due to changes to the physical and chemical environment and introduction 
of exotic species, including reduced biodiversity and species richness, altered 
community composition, loss of sensitive species and an increase in invasive species 
(Magee et al. 1999; Green & Galatowitsch 2001; Paul & Meyer 2001; Leishman, 
3 
 
Hughes & Gore 2004; Houlahan et al. 2006; Pickett et al. 2011; Tippler, Wright & 
Hanlon 2012; Akasaka, Osawa & Ikegami 2015; Schwoertzig et al. 2016).  
 
Figure 2. Urban waterways (located in Blacktown, Sydney) that reflect the key 
symptoms of ‘urban stream syndrome’, including the presence of concrete, lack 
of riparian biodiversity and habitat for aquatic species and flow influenced by 
stormwater and runoff from roads (Rani Carroll 10 September 2018).  
The extent of catchment imperviousness is a key factor that influences water quality 
in urban catchments and is associated with USS, with higher impervious cover linked 
with greater severity of symptoms (Paul & Meyer 2001; Walsh et al. 2005; Conway 
et al. 2007; Wright et al. 2011; Tippler, Wright & Hanlon 2012; Kaushal et al. 2013; 
Tippler et al. 2014; Beck, McHale & Hess 2016). Impervious surfaces (such as 
concrete, pathways, driveways, infrastructure, roads and buildings) create an 
impermeable barrier that alters natural hydrology, causing an increase in surface 
runoff and impeding the infiltration of water into the soil and groundwater (Arnold & 
Gibbons 1996; Paul & Meyer 2001; Walsh et al. 2005). High imperviousness in 
urban catchments can contribute to an increase in the flashiness of urban stream flow 
volumes and energy (Arnold & Gibbons 1996; Paul & Meyer 2001) and act as a 
pathway to rapidly transport concentrated urban contaminants into natural 
waterways, which contributes to degraded water quality (Walsh et al. 2005; Barnes 
& Raymond 2009; Davies et al. 2010a; Wright et al. 2011; Connor et al. 2014; 
Tippler et al. 2014). The presence of highly connected stormwater infrastructure, 
which provides a direct link to efficiently transport stormwater and urban runoff into 
aquatic environments, adds to this issue (Wright et al. 2011; Kaushal & Belt 2012; 
Tippler, Wright & Hanlon 2012). As urban areas continue to grow, and the use of 
concrete and impervious surfaces remains widespread, this issue seemingly will pose 
significant environmental challenges.   
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Whist receiving less attention than urban rivers and streams, the symptoms of USS 
can also occur in urban wetland environments (Houlahan & Findlay 2004a; 
Houlahan et al. 2006; Hogan & Walbridge 2007; Fryirs, Freidman & Kohlhagen 
2012; Kohlhagen, Fryirs & Semple 2013; Fryirs et al. 2014a; Hettiarachchi et al. 
2014; Belmer, Wright & Tippler 2015; Herbert et al. 2015), for example referred to 
as ‘urban swamp syndrome’ (Belmer, Wright & Tippler 2016). Wetlands refer to 
aquatic and semi-aquatic habitats that experience permanent or temporarily 
waterlogged conditions (Allaby 2015). Wetlands are valuable ecosystems that 
provide a range of important ecosystem services including provisioning (providing 
water and materials), supporting (nutrient cycling and primary productivity), 
regulating (water filtration, waste removal, flooding and climate) and cultural 
(aesthetic and recreational) services (Maltby & Acreman 2011; Mitsch, Bernal & 
Hernandez 2015). They also have high biodiversity value, providing habitat for many 
endangered and threatened species (Mitsch, Bernal & Hernandez 2015). However, 
urban inputs can overload the capacity of wetlands to carry out these ecosystem 
services, and research indicates that catchment urbanisation can negatively affect 
wetland ecosystems, resulting in altered water chemistry and hydrology, elevated 
nutrient levels and invasion by exotic species (Houlahan et al. 2006; Hogan & 
Walbridge 2007; Fryirs, Freidman & Kohlhagen 2012; Fryirs et al. 2014a; Belmer, 
Wright & Tippler 2015; Herbert et al. 2015). Therefore, it is important to assess the 
effects of urbanisation on wetlands in addition to urban streams.   
1.3 The chemical signature of urban aquatic environments 
1.3.1 The natural ionic fingerprint of freshwater environments versus urban 
aquatic ecosystems  
The geochemical cycle of elements regulates the chemical composition of the 
environment, and the abundance and distribution of elements within ecosystems 
(Allaby 2013a). The elemental abundance in the environment can be influenced by 
natural factors such as the parent geology and the weathering of minerals releasing 
ions, characteristics of the soil, and hydrology (Barnes & Raymond 2009; Cannon & 
Horton 2009; Mäkilä et al. 2015; Kaushal et al. 2018). It can also vary spatially 
between locations (due to differing conditions experienced, such as different parent 
materials, topography, and biotic interactions) and temporally as different pressures 
are exerted on landscapes over time. For example, in south-eastern Australia water 
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quality in naturally vegetated, non-urban catchments is typically acidic, dilute, 
nutrient limited and poorly buffered (for example containing low concentrations of 
ions such as calcium (Ca2+), magnesium (Mg2+) and bicarbonate (HCO3
-), whilst 
being dominated by sodium (Na2+) and chloride (Cl-) (Wright et al. 2011; Tippler, 
Wright & Hanlon 2012; Tippler et al. 2014; Belmer, Wright & Tippler 2015). This is 
primarily due to the dominance of sandstone geology in a weathered landscape 
(Wright et al. 2011; Tippler, Wright & Hanlon 2012; Tippler et al. 2014). 
Conversely, in other regions of the world where karst geology is more abundant, 
such as in the eastern US, elements such as calcium and magnesium are naturally 
present, which results in less acidic, moderately buffered systems (Chambers et al. 
2016; Kaushal et al. 2017; Moore et al. 2017). 
Anthropogenic impacts are increasingly influencing the chemical composition of the 
natural environment, leading to distinct geochemistry in urban areas (Thornton 1991; 
Lyons & Harmon 2012; Chambers et al. 2016; Kaushal et al. 2017). The term ‘urban 
geochemistry’ described by Thornton (1991) refers to the complex interactions, 
mobility and transformations of chemical elements and compounds, including legacy 
and future anthropogenic impacts, within urban environments and the effects that 
these may have on the biotic community. Urban land use and development is 
recognised as influencing the mobilisation of major ions and nutrients within the 
environment, which alter natural geochemical cycles (Barnes & Raymond 2009; 
Kaushal et al. 2013; Connor et al. 2014; Chambers et al. 2016; Kaushal et al. 2017). 
Factors that can influence urban geochemistry include the weathering of building 
materials and infrastructure (such as concrete), stormwater runoff, treated sewage, 
the use of de-icing salts, fossil fuel combustion and industrial waste (Leishman, 
Hughes & Gore 2004; Kaushal et al. 2005; Kaye et al. 2006; Barnes & Raymond 
2009; Wenger et al. 2009; Kaushal et al. 2013; Connor et al. 2014; Kaushal, 
McDowell & Wollheim 2014; Duan & Kaushal 2015; Chambers et al. 2016; Kaushal 
et al. 2017; Kaushal et al. 2018). The concern is that the rate and scale of 
environmental change is being enhanced due to human activities in urban areas, 
which is altering the balance and chemical composition of natural ecosystems 
(Kaushal et al. 2013; Chambers et al. 2016; Kaushal et al. 2017). Urban 
geochemistry is an emerging global field, as research continues to recognise the 
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importance of identifying and managing issues in urban environments (Chambers et 
al. 2016).  
1.4 Identifying key characteristics of the urban ionic signature in aquatic 
ecosystems 
The identification of characteristic patterns of major ions within urban environments 
on a global scale has led to the recognition of a distinct ‘urban geochemical 
signature’ (UGS; Chambers et al. 2016). The UGS is characterised by elevated 
concentrations of cations such as calcium, potassium (K+), magnesium and sodium, 
and anions such as bicarbonate, sulfate (SO4
2-) and chloride, that do not reflect 
natural, background chemistry (Connor et al. 2014; Chambers et al. 2016; Kaushal et 
al. 2017; Moore et al. 2017). Calcium and bicarbonate are recognised as key 
attributes that are elevated in urban freshwater environments (Davies et al. 2010a; 
Connor et al. 2014; Tippler et al. 2014; Kaushal et al. 2017; Moore et al. 2017; 
Grella, Renshaw & Wright 2018). Urban areas typically exhibit altered ionic strength 
(IS; Kaushal et al. 2017), which is indicative of the charge and concentrations of ions 
in a solution (Park & Allaby 2017). Levels of nutrients, particularly nitrogen and 
phosphorus, are also characteristically higher in urban environments (Leishman, 
Hughes & Gore 2004; Hogan & Walbridge 2007; Chambers et al. 2016).  
The occurrence of this unique urban ionic signature in water has been documented 
across the globe. For example, numerous studies within the US have identified that 
water chemistry in urbanised catchments demonstrates a shift towards a more 
alkaline pH, greater ionic strength and increased concentrations of major ions 
(including calcium, potassium, bicarbonate, sulfate and magnesium) compared to 
non-urban areas (Lewis et al. 2007; Peters 2009; Kaushal et al. 2013; Connor et al. 
2014; Kaushal, McDowell & Wollheim 2014; Stets, Kelly & Crawford 2014; 
Kaushal et al. 2017; Moore et al. 2017; Kaushal et al. 2018). This is driven largely by 
the influences of urban materials and surfaces (often termed ‘urban karst geology’) 
(Kaushal et al. 2013; Kaushal et al. 2017). Kaushal et al. (2018) further extended the 
concept of the UGS, referred to as ‘freshwater salinisation syndrome’ (FSS), 
identifying that elevated salinity, pH, alkalinity and concentrations of base cations 
(such as sodium, calcium, magnesium and potassium) are common to urban 
freshwater ecosystems in North America. This is consistent with water in urbanised 
catchments studied in south-eastern Australia, which typically exhibit higher pH and 
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EC, and show a shift towards moderately buffered systems that are dominated by 
calcium and bicarbonate (Wright et al. 2011; Tippler et al. 2014; Belmer, Wright & 
Tippler 2015), which indicates the presence of a typical UGS occurring under 
different geological and hydrological conditions.  
A key impact of catchment urbanisation is the associated increase in pH of water 
(Wright et al. 2018). Research conducted within the US has identified that urban 
freshwater ecosystems demonstrate a shift in pH towards more basic conditions, 
referred to as alkalinisation (Kaushal et al. 2013; Kaushal et al. 2017; Kaushal et al. 
2018). There is increasing evidence that the weathering of urban materials, such as 
concrete, contributes to accelerated alkalinisation of urban waterways (Kaushal et al. 
2013; Kaushal et al. 2017; Kaushal et al. 2018; Wright et al. 2018). The urban 
alkalinisation process can be characterised as the dissolution of calcium hydroxide 
(lime; Ca(OH)2), a common component of concrete (see section 1.6), which 
dissociates in the presence of water to increase pH to a potential maximum of 12.5 
(Wright et al. 2018; Reaction 1.1) 
Ca(OH)2 = Ca
2+ + 2OH-  pKsp = 5.3  [1.1] 
Modification of the pH of water has widespread implications throughout the 
ecosystem, as it can influence conditions in the sediment and the suitability of 
conditions for biotic species such as vegetation (Ehrenfeld 2008; Carling et al. 2013).   
1.5 The impact of urbanisation on properties of sediment  
Sediment refers to the deposition and accumulation of materials such as weathered 
rock or organic matter, which can occur along the streambed of waterways or within 
wetlands. Sediment chemistry is influenced by the composition and weathering of 
the underlying geology, in addition to the type of vegetation, decomposition and 
accumulation rates, aeolian deposition, hydrology and topography (Mäkilä et al. 
2015; Moore et al. 2017). Sediment acts as a strong sink for nutrients, particularly in 
urban ecosystems, as elements accumulate over time. In this way, sediment provides 
a medium to assess the legacy effects of urban impacts, as changes over time can be 
determined by the composition of the soil profile, unlike water chemistry which can 
be highly variable (Houlahan & Findlay 2004b). However, there are strong links 
between water chemistry and the characteristics of sediment (Carling et al. 2013). 
Catchment urbanisation is recognised to alter water chemistry, for example due to 
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industrial pollution, runoff from garden fertilisers, stormwater, sewage leaks and the 
weathering of urban materials (Thornton 1991; Leishman, Hughes & Gore 2004; 
King & Buckney 2002; Lyons & Harmon 2012; Chambers et al. 2016; Grella, 
Renshaw & Wright 2018). This in turn affects the chemical properties of sediment as 
it attempts to reach equilibrium with water. The elemental composition of sediment 
can also be predicted through the principles of solubility (Gong, Grant & Brittain 
2007). Solubility refers to the maximum amount of a given substance that dissolves 
completely in a solution and if equilibrium is exceeded, a solid(S) or precipitate can 
form (Gong, Grant & Brittain 2007; Allaby 2013). The solubility of elements and 
compounds can be determined by a constant solubility product (Ksp; also referred to 
as log K).  
Sediment analysed from urbanised catchments has been observed to exhibit elevated 
calcium, potassium, nitrogen, phosphorus and metal concentrations compared to 
sediment in non-urban catchments (Clements 1983; Thornton 1991; King & Buckney 
2002; Hogan & Walbridge 2007; Bain, Yesilonis & Pouyat 2012; Lyons & Harmon 
2012; Grella, Renshaw & Wright 2018). For example, riparian soils from the greater 
Sydney region have been observed to exhibit elevated concentrations of calcium, 
magnesium and potassium compared to non-urban areas (King & Buckney 2002; 
Grella, Renshaw & Wright 2018). Elevated calcium was identified as a key factor 
associated with urban sediment, with Ca2+ levels observed to be over 2000 times 
higher in urban riparian sediment in the Georges River catchment, Sydney (Grella, 
Renshaw & Wright 2018). King & Buckney (2002) observed a similar increase in 
Ca2+ (by approximately four times) in urban riparian sediment in northern Sydney. 
Research conducted in Baltimore, USA is consistent with this trend, as Ca2+ 
concentrations were observed to double across an urbanisation gradient, irrespective 
of underlying geology (Bain, Yesilonis & Pouyat 2012). This highlights how urban 
inputs, such as the weathering of urban materials (for example concrete), can alter 
the accumulation and solubility of elements relative to natural rates and conditions, 
resulting in elevated concentrations occurring in urban ecosystems (Bain, Yesilonis 
& Pouyat 2012).  
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1.6 The potential link between concrete and the urban geochemical 
signature  
1.6.1 Characteristics of concrete 
Concrete is a chemically complex material that is commonly used for the 
construction of urban infrastructure as it is strong, versatile and useful for surfaces in 
contact with water (Setunge et al. 2009; Ondova et al. 2012; Kaushal, McDowell & 
Wollheim 2014). There are many different types of concrete, determined by the 
intended use and requirements, which means that the elemental composition of 
concrete can vary. However, concrete typically contains key products (such as those 
outlined in Table 1), and the dominant component of concrete is calcium. These 
components found in concrete can vary in terms of their Ksp (or log K) values, which 
is also strongly influenced by pH. Calcium carbonate (or calcite; CaCO3) is the most 
soluble product that is formed from concrete (Table 1), therefore it is expected to 
exceed solubility and form a precipitate.  
Table 1. Common components that are used in or are a product of concrete. Ksp 
refers to the solubility product, with small values associated with high solubility 
and larger numbers with low solubility.  
Name Formula Ksp 
Calcite c CaCO3 10
-8.47c
  
Calcium hydroxide 
(Portlandite) a  
Ca(OH)2 10
-5.18* 
Gypsum (Calcium sulfate 
dihydrate)c 
CaSO42H2O 10
-4.48* 
Ferrite (Tetracalcium 
aluminoferrite) a,b 
Ca2AlFeO5 10
21.30** 
Strontium aluminated SrOAl2O3 
 
1023.20** 
 
Belite (Dicalcium silicate) 
a,b 
 
Ca2SiO4 10
37.17* 
Strontium oxided 
 
SrO  
 
1041.89* 
Alite (Tricalcium silicate) 
a,b 
 
Ca3SiO5 10
73.41* 
Aluminate (Tricalcium 
aluminate) a,b 
Ca3Al2O6 10
113.05* 
References: aThomas n.d., bMonaghan 2017, cSchiopu et al. 2009, dPtáček et al. 2014, * Ksp obtained 
from PHREEQC LLNL database (version 3.1.7.9213) and ** values calculated from Gibbs 
thermodynamics values. 
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Concrete can also contain components that can act as alternatives to calcium cement 
binder, for example fly ash (Müllauer, Beddoe & Heinz 2015). Fly ash refers to the 
fine, mineral residue that forms as a by-product of the burning of coal during 
electricity production (Ondova et al. 2012). Properties of fly ash, including its 
mineral composition (containing calcium), fine particle size, durability and strength, 
in addition to the benefits of utilising a waste product, have promoted its use as an 
alternative to Portland cement in the production of concrete (Joshi & Lohtia 1997; 
Kula et al. 2002; Mehta 2004). However, there is increasing evidence that a host of 
metals including strontium (Sr2+), lead (Pb2+), barium (Ba2+), copper (Cu2+), nickel 
(Ni2+), uranium (U3+), cadmium (Cd2+), chromium (Cr2+) and zinc (Zn2+) can be 
present in concrete containing fly ash (Gineys, Aouad & Damidot 2010; Christian, 
Banner & Mack 2011; Ondova et al. 2012; Connor et al. 2014; Chambers et al. 2016; 
Vollpracht & Brameshuber 2016; Borris et al. 2017). Strontium can be found in a 
range of different minerals in concrete (Table 1), therefore it has the potential to be 
used as a tracer or signature for concrete due to low background concentrations 
typically reported in environmental studies (Graham, Goguel & St John 2000). 
1.6.2 Concrete as a potential source of urban geochemical modification? 
The weathering and leaching of concrete are increasingly being recognised as a 
potential source of chemical alteration within freshwater ecosystems (Schiopu et al. 
2009; Davies et al. 2010a; Wright et al. 2011; Kaushal et al. 2013; Grella et al. 2016; 
Connor et al. 2014; Tippler et al. 2014; Chambers et al. 2016; Borris et al. 2017; 
Kaushal et al. 2017; Wright et al. 2018). Exposure of water to concrete has been 
observed to increase pH and EC, in addition to concentrations of major ions such as 
calcium (Gérard, Le Bellego & Bernard 2002; Setunge et al. 2009; Davies et al. 
2010a; Wright et al. 2011; Grella et al. 2016; Borris et al. 2017). This has been 
documented in a range of experiments where water chemistry was altered after 
exposure to various forms of concrete (including whole, crushed and fine concrete) 
(Setunge et al. 2009; Davies et al. 2010a, Davies et al. 2010b; Grella et al. 2016; 
Borris et al. 2017; Wright et al. 2018). The key concerns include the dissolution, 
diffusion and leaching of ions from concrete materials into aquatic ecosystems 
(Gérard, Le Bellego & Bernard 2002; Setunge et al. 2009; Müllauer, Beddoe & 
Heinz 2015). The carbonation of Portlandite (lime; Ca(OH)2) results in additional 
calcium being contributed to the environment. This can react with atmospheric 
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carbon dioxide (CO2) and if this exceeds solubility, then precipitation of CaCO3 
occurs (Wright et al. 2018; see Reaction 1.2). This is consistent with research which 
has observed increased calcium in urban riparian sediment (King & Buckney 2002; 
Grella, Wright & Renshaw 2018), which suggests that excess calcium may be 
accumulating in sediment in urban ecosystems.   
 Ca2+ + HCO3
-
  → CaCO3(S) + H+    [1.2]  
Whilst concrete is an integral part of modern urban landscapes, such as being used 
for the construction of stormwater infrastructure, gutters, pathways and driveways in 
urban areas (Figure 3), the long-term implications of concrete contamination on the 
biotic community remains uncertain. As the population continues to grow, the 
demand for infrastructure and concrete materials is set to increase. Moreover, studies 
have demonstrated that a rapid change in water chemistry (such as pH) can occur 
when water is exposed to concrete (see Davies et al. 2010a). This highlights the 
potential for broader ecological implications due to high use of concrete in urban 
catchments, by drastically altering water and sediment chemistry over short time 
scales, which may have implications for biotic species. As existing concrete 
infrastructure ages and weathers and new concrete continues to be used (Davies et al. 
2010b; Kaushal, McDowell & Wollheim 2014; Chambers et al. 2016), these issues 
pose a complex problem that requires further investigation to better understand how 
to guide effective management action for the future. To do this, it is important to 
understand how the environment may be impacted by concrete materials. As 
concrete contains many ions and metals that may not be present in the natural 
background geology, this highlights the potential to use these elements (such as 
strontium) as a tracer or indicator of the presence of concrete impacts on the 
environment (Graham, Goguel & St John 2000; Christian, Banner & Mack 2011; 
Connor et al. 2014).  
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Figure 3. Examples of concrete and stormwater infrastructure that are 
prevalent in urban areas, including a). a concrete stormwater drainage pipe 
located at Bullaburra in the Blue Mountains (Rani Carroll 4 April 2016), and 
b). concrete stormwater infrastructure located at Wentworth Falls, Blue 
Mountains, including a gross pollutant trap (Rani Carroll 5 April 2018).  
1.7 The elemental composition of vegetation in urban ecosystems  
Catchment urbanisation is recognised as having significant implications for 
vegetation communities in natural waterways and riparian ecosystems, due to 
increased disturbance and urban inputs which can alter water and sediment chemistry 
and modify nutrient and metal availability and toxicity (Kaye et al. 2006; Chambers 
et al. 2016; Kaushal et al. 2017). This can lead to altered community composition, 
reduced diversity and species richness (Leishman, Hughes & Gore 2004; Thomson & 
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Leishman 2004; Leishman & Thomson 2005; Houlahan et al. 2006; Ehrenfeld 2008; 
Akasaka, Osawa & Ikegami 2015; Grella, Renshaw & Wright 2018). Invasion by 
exotic weed species is also a major concern, as urban areas provide a pathway to 
transport seeds and propagules into new environments, particularly waterways and 
wetlands (Green & Galatowitsch 2001; Houlahan & Findlay 2004a; Houlahan et al. 
2006; Barbosa et al. 2010; Akasaka, Osawa & Ikegami 2015; Figure 4). This can 
result in a higher presence of exotic plant species in urban ecosystems compared with 
non-urban areas (Leishman, Hughes & Gore 2004; Grella, Renshaw & Wright 2018). 
Nitrogen and phosphorus enrichment in urban ecosystems are typically linked with 
weed invasions (Clements 1983; Verhoeven & Schmitz 1991; Güsewell & 
Koerselman 2002; Leishman, Hughes & Gore 2004; Hogan & Walbridge 2007). For 
example, Leishman & Thomson (2005) identified that exotic invasive species had 
greater survival compared to native non-invasive species when fertiliser was added. 
Furthermore, Thomson & Leishman (2004) observed that mortality of native 
Hawkesbury Sandstone species increased when soil phosphorus was greater than 
200mg/kg. Elevated concentrations of elements, including calcium, magnesium, 
sodium and potassium, within sediment have also been suggested to be associated 
with the presence of weed species in the Sydney basin (King & Buckney 2002; 
Grella, Renshaw & Wright 2018). 
However, despite significant evidence suggesting that urbanisation and the 
associated chemical alteration of the environment is strongly linked with the 
modification of vegetation communities, there is limited research that identifies 
whether the elemental composition of foliage in freshwater environments is affected 
by catchment urbanisation. Previous research has focussed on concentrations and 
ratios of nitrogen and phosphorus in wetland vegetation species (Verhoeven & 
Schmitz 1991; Güsewell & Koerselman 2002; Hogan & Walbridge 2007), in 
addition to ratios of other elements such as calcium, magnesium and potassium in 
plant tissue from non-urban karst and wetland ecosystems (Liu et al. 2014; Wang et 
al. 2014a; Wang et al. 2014b). Foliage chemistry is linked with nutrient uptake from 
sediment and water (Hogan & Walbridge 2007), however the effect of other elements 
that are elevated in urban ecosystems on plant chemical properties is unclear. It is 
also not well-known whether elevated levels of specific major ions associated with 
urban areas (such as calcium, magnesium, potassium, bicarbonate and sulfate) play a 
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role in facilitating or enhancing weed invasions by creating more advantageous 
conditions for exotic species over native species. To the best of our knowledge, the 
link between urbanisation and foliage chemistry of native wetland species is largely 
unknown, particularly the ecological implications of high concentrations of nutrients 
other than nitrogen and phosphorus and metals on vegetation chemistry within 
sensitive communities. 
 
Figure 4. The effect of weed invasions on urban wetlands. a). Natural vegetation 
has been replaced by weed species, such as Blackberries (Rubus spp.) and Small-
leaved Privet (Ligustrum sinense), in a degraded urban wetland in Katoomba 
(Rani Carroll 4 April 2016). b). Invasion of a wetland in Bullaburra by 
Honeysuckle (Lonicera japonica) (Rani Carroll 4 April 2016).    
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1.8 Blue Mountains Upland Swamps (BMUS) – a case study of 
endangered wetlands threatened by catchment urbanisation  
1.8.1 Characteristics of BMUS  
Blue Mountains Upland Swamps (BMUS) refer to peat swamps that form on 
sandstone geology, contain specialised vegetation communities and are found at 
altitudes of 500-1000m in the Blue Mountains region of New South Wales, Australia 
(Fryirs, Freidman & Kohlhagen 2012; Belmer, Wright & Tippler 2015; Figure 5). 
These swamp communities are recognised as a type of Temperate Highland Peat 
Swamp on Sandstone (THPSS; DEE 2018). BMUS represent a unique environment 
as their distribution is restricted to 2000ha within the Blue Mountains region, 
covering an area of less than 3000ha (Fryirs, Freidman & Kohlhagen 2012; Belmer, 
Wright & Tippler 2015; Belmer, Tippler & Wright 2018; Figure 6). These 
ecosystems experience temperate climatic conditions, with average daily maximum 
temperatures ranging between 15-24°C and mean annual rainfall of 800-1600mm 
(Commonwealth of Australia 2014). BMUS are predominantly found within the 
Greater Blue Mountains National Park, which is listed as a World Heritage area with 
ecological, scientific and cultural significance (Chalson & Martin 2009).  
BMUS typically form in headwater valleys, where water seepage due to the 
surrounding topography and underlying layers of impermeable claystone geology 
maintains permanently or intermittently saturated conditions (Keith & Benson 1988; 
Holland, Benson & McRae 1992; Pickett & Alder 1997). The accumulation of 
organic matter, slow rate of decomposition, relatively high rainfall and anoxic 
conditions experienced within BMUS promotes the formation of peat (Martin 2014; 
Mooney & Martin 2016). BMUS can also occur as hanging swamps, where the 
presence of impermeable claystone layers within the sandstone geology creates a 
barrier that forces water to seep out onto the side of steep slopes, creating swamp 
ecosystems on hillsides and cliffs (Keith & Benson 1988; Holland, Benson & McRae 
1992; Pickett & Alder 1997). The occurrence of these hanging swamps creates high 
moisture conditions that promote the development of specialised vegetation 
communities of open heath and shrubs in these locations (Keith & Benson 1988; 
Holland, Benson & McRae 1992). BMUS reflect the transition between terrestrial 
and aquatic environments, demonstrating the links between the functioning of the 
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biotic (such as flora and fauna) and abiotic environment (including soil type, water 
and nutrient availability) (Keith & Benson 1988).  
 
Figure 5. Examples of naturally vegetated BMUS that are dominated by 
characteristic native sedge and shrub species within the swamp catchment, 
located at a). Mount Hay (Rani Carroll 26 September 2017) and b). Hat Hill, 
Blackheath (Rani Carroll 28 June 2018). 
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Figure 6. The distribution of THPSS (of which there are 3 classifications 
including Blue Mountains Upland Swamps, Newnes Plateau Shrub Swamps and 
Montane peatlands and swamps of the New England Tableland) is indicated in 
orange. However, the target study system of BMUS are only found in the Blue 
Mountains regions at altitudes of 500-1000m, the approximate boundary of 
which is identified in black (Commonwealth of Australia 2014).  
1.8.2 Water quality within BMUS 
BMUS are an aquatic/semi-aquatic ecosystem, therefore water quality is an 
important component of these environments. Water quality within BMUS is naturally 
acidic (commonly with a mean pH of 4.7 units), dilute (with mean EC of 
approximately 26.6µS/cm) and has low buffering capacity (i.e. the capacity to buffer 
change due to low calcium and magnesium concentrations in water) (Belmer, Wright 
& Tippler 2015). This makes these ecosystems highly susceptible to alteration and 
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degradation due to disturbance. Water chemistry is naturally dominated by sodium 
and chloride, and typically contains limited traces of other major ions, metals and 
nutrients (Keith & Benson 1988; Holland, Benson & McRae 1992; Chalson & 
Martin 2009; Belmer, Wright & Tippler 2015). BMUS classified as being in good 
ecological condition lack a distinct channel, instead have preferential drainage lines, 
whereas urban swamps tend to become channelised (Fryirs, Freidman & Kohlhagen 
2012; Fryirs et al. 2014a; Cowley, Fryirs & Hose 2016).  
Runoff from urban development is recognised as a source of additional ions, metals 
and nutrients into natural ecosystems (Paul & Meyer 2001; Meyer, Paul & Taulbee 
2005; Wright et al. 2011; Chambers et al. 2016). This poses a threat to water quality 
in BMUS as pollutants can accumulate in swamp ecosystems as a result of inputs 
from urban runoff, which can influence the entire ecosystem, including the sediment 
and biotic species such as macroinvertebrates and vegetation (Belmer, Wright & 
Tippler 2015; Carroll, Wright & Reynolds 2018). Previous research by Belmer, 
Wright & Tippler (2015) has provided an insight into the ionic composition of water 
in urban and non-urban BMUS catchments, revealing that urban BMUS had elevated 
pH, EC and concentrations of Ca2+, HCO3
-, SO4
2-, Mg2+, Na2+, K+ and Cl- compared 
to non-urban BMUS. Metal concentrations in water have not been previously studied 
within these ecosystems. 
1.8.3 Characteristics of sediment and geology within BMUS 
The characteristics of the sediment, including the type, structure and chemistry, also 
play an important role in characterising and shaping the environment. BMUS form 
on the Triassic sandstone plateau (Narrabeen Sandstone) (Commonwealth of 
Australia 2014; Figure 6). Geology in this region is dominated by sandstone, is 
typically nutrient limited and lacks karst features (Keith & Benson 1988; Holland, 
Benson & McRae 1992; Chalson & Martin 2009; Tippler, Wright & Hanlon 2012). 
Sediments within BMUS are typically acidic, sandy, peaty and are black to grey in 
colour with a moderate to high organic matter content and have a sandy or loamy 
texture (Keith & Benson 1988; Benson & Keith 1990; Holland, Benson & McRae 
1992; DEE 2018), and waterlogged conditions arise due to poor drainage as a result 
of impermeable rock layers. Sediment is typically 1.2-1.5m in depth (Holland, 
Benson & McRae 1992; NPWS 2001), however the depth of the peat layer varies 
across locations (Keith & Benson 1988; Benson & Keith 1990; DEE 2018).   
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Limited research has been conducted on chemical properties of sediment in BMUS, 
particularly differences arising between urban and non-urban catchments. Carbon 
dating and cycling, and assessment of sediment properties, including bulk density, 
moisture content, texture, organic carbon, and ratios of carbon and nitrogen, have 
been previously undertaken within BMUS ecosystems (Martin 2014; Cowley, Fryirs 
& Hose 2016; Mooney & Martin 2016). For example, sediment structure (including 
texture, thickness, carbon:nitrogen ratio and moisture content), has been observed to 
differ between channelised (influenced by urbanisation) and non-channelised 
(naturally vegetated catchments with preferential drainage lines) BMUS (Cowley, 
Fryirs & Hose 2016). In addition, sedimentology and geomorphology has been 
documented to differ between urban and non-urban BMUS catchments (Fryirs, 
Freidman & Kohlhagen 2012; Fryirs et al. 2014a; Fryirs et al. 2014b; Fryirs, Cowley 
& Hose 2016; Fryirs, Farebrother & Hose 2018). However, assessment of the 
elemental composition of sediment has not been previously undertaken within these 
ecosystems, nor has sediment chemistry been linked with water chemistry within 
urban and non-urban catchments.  
1.8.4 Vegetation community within BMUS 
A distinguishing feature of BMUS are their unique vegetation communities (Keith & 
Benson 1988; Holland, Benson & McRae 1992; Chalson & Martin 2009). BMUS are 
dominated by closed sedgeland, with vegetation typically not exceeding three metres 
in height within the boundaries of the swamp, or alternatively open shrubland, open 
or closed heath (Keith & Benson 1988; DEE 2018). Examples of common species 
include sedges such as Gymnoschoenus sphaerocephalus, Lepidosperma limicola, 
Xyris ustulata and Baeckea linifolia, shrubs including Leptospermum spp. (such as 
Leptospermum juniperinum), Acacia spp., Grevillea spp. and Hakea teretifolia, 
graminoids including Lomandra spp. and forbs such as Centella asiatica (Keith & 
Benson 1988; DEE 2018; Figure 7). Gleichenia dicarpa and Gymnoschoenus 
sphaerocephalus are common along the drainage channel of the swamps (DEE 
2018), however the transition or riparian zone that occurs outside of the swamp 
boundary is comprised of shrubs and woodland species, such as Eucalyptus spp. 
(Keith & Benson 1988). In contrast, hanging swamps can be dominated by more 
open heath vegetation such as Epacris microphylla, Hakea teretifolia, Leptospermum 
squarrosum and Sprengelia incarnata (Keith & Benson 1988; DEE 2018). Previous 
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studies have characterised the composition of BMUS vegetation communities (Keith 
& Benson 1988; Holland, Benson & McRae 1992), however analysis of foliage 
tissue chemistry (including native and exotic species) and identification of links with 
water and sediment chemistry between urban and non-urban BMUS catchments has 
not been previously undertaken within these ecosystems. 
 
Figure 7. Common vegetation species found within BMUS, including a). 
Leptospermum juniperinum (Prickly Tea Tree; Rani Carroll 26 September 
2017), b). Gymnoschoenus sphaerocephalus (Button grass; Rani Carroll 26 
September 2017), c). Hakea teretifolia (Dagger Heath; Rani Carroll 17 May 
2018) and d). Grevillea acanthifolia ssp. Acanthifolia (Rani Carroll 5 April 
2018). 
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1.8.5 The potential urban threat to BMUS 
Urbanisation can have significant impacts on wetland communities, including 
altering hydrology, geomorphology and biodiversity (Ehrenfeld 2000). The impacts 
of urban development and infrastructure are of particular concern in regions that are 
naturally acidic, nutrient limited and lack of karst features, as they are less buffered 
for significant changes which make them vulnerable to alteration (Chambers et al. 
2016). This occurs in south-eastern Australia (Tippler, Wright & Hanlon 2012) and 
is an issue of concern within BMUS (Belmer, Wright & Tippler 2015; Belmer, 
Tippler & Wright 2018). Continued population growth and urban expansion within 
swamp catchments poses a major threat to BMUS communities (Belmer, Wright & 
Tippler 2015), as approximately one third of the existing area of BMUS 
(approximately 1000ha of the existing 3000ha) falls within urbanised catchments 
(Hensen & Mahony 2010). Urban pressures that are recognised as posing a threat to 
BMUS include the degradation of water quality, erosion, channelisation, weed 
invasions, eutrophication and sedimentation (OEH 2016).  
The effects of USS are identified as impacting water quality in urban BMUS (Belmer 
2015; Belmer, Wright & Tippler 2015). For example, water chemistry in urban 
BMUS has been observed to reflect the typical urban signature, with dominance 
shifting from sodium and chloride, to exhibiting high levels of calcium, bicarbonate 
and potassium (Belmer, Wright & Tippler 2015; Carroll, Wright & Reynolds 2018). 
This shift was suggested to be associated with catchment urbanisation and the 
prevalence of concrete (Belmer, Wright & Tippler 2015). However, it remains 
unclear as to whether this trend is mirrored in the soil and vegetation within urban 
swamps, and if this altered signature has implications for the biotic community.  
Urban development is already recognised to contribute to physical disturbance and 
degradation of swamp ecosystems due to increased volumes of urban runoff (Fryirs 
et al. 2014a; Belmer, Wright & Tippler 2015). Previous research has identified that 
swamp geomorphology and condition are negatively impacted by the cover of 
impervious surfaces, stormwater connectivity and distance to stormwater 
infrastructure (Fryirs, Cowley & Hose 2016). This contributes to the physical 
damage of BMUS, including channelisation, erosion and sedimentation (Fryirs, 
Freidman & Kohlhagen 2012; Fryirs, Gough & Hose 2014). An example of this is 
evident at a BMUS located in Katoomba, which exhibits severe channelisation 
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(Figure 8). Channelisation can negatively impact natural hydrology and swamp 
functioning (such as water filtration capacity) by causing a shift from a system that 
stores water to a transfer system, where flows are directed out of the swamp due to 
channelisation (Cowley, Fryirs & Hose 2016). 
 
Figure 8. The effects of erosion and channelisation on BMUS. a). The natural 
development of BMUS (images 1-4), compared to the effects of channelisation 
(shown by image 5 and 6) which is strongly influenced by anthropogenic 
activities, urban development and stormwater runoff (from Freidman 2011 
cited in Fryirs, Freidman & Kohlhagen 2012). b). An example of swamp 
channelisation and c). sedimentation at a BMUS located in an urban catchment 
at Katoomba (Rani Carroll 4 May 2015).  
Nutrient enrichment from urban areas is typically associated with the invasion of 
exotic and invasive species in urban wetlands (King & Buckney 2002; Leishman, 
Hughes & Gore 2004; Alston & Richardson 2006; Ehrenfeld 2008; Grella, Renshaw 
& Wright 2018). Weed invasion is identified as an issue of concern within BMUS, 
and recognised weed species include Crofton Weed (Ageratina adenophora), Scarlet 
Pimpernel (Anagalis arvensis), Scotch Broom (Cytisus scoparia), Spanish Heath 
(Erica lusitanica), Small-leaved Privet (Ligustrum sinense), Honeysuckle (Lonicera 
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japonica), Buttercup (Ranunculus repens), Blackberries (Rubus spp.) and Willows 
(Salix spp.) (OEH 2016; DEE 2018). Weed invasions can alter the structure and 
function of natural ecosystems, and negatively affect biodiversity (Houlahan et al. 
2006; McInerney et al. 2016), therefore weed invasions pose a threat to the 
functioning of fragile BMUS ecosystems.  
1.9 Significance of BMUS 
BMUS have high conservation value as they are found nowhere else on Earth and 
exhibit a restricted distribution, making them vulnerable to extinction (Chalson & 
Martin 2009; Belmer, Wright & Tippler 2015). Peatlands are also rare in Australia 
due to environmental conditions (Pemberton 2005). BMUS are identified as being 
wetlands of national importance in Australia as they play a significant role in natural 
wetland functioning and support nationally endangered and vulnerable species of 
flora and fauna (Hensen & Mahoney 2010; DEE 2010). Furthermore, they provide 
valuable ecosystems services including water filtration, nutrient cycling, carbon 
storage, and have high biodiversity (Pemberton 2005; Hensen & Mahony 2010; 
Kohlhagen, Fryirs & Semple 2013). Many also fall within major drinking water 
catchments that serve the greater Sydney region (Fryirs et al. 2014a). BMUS are also 
vulnerable to natural disturbance, for example it is predicted that 30% of upland 
swamps may be lost under future climatic changes (Keith, Elith & Simpson 2014).  
THPSS were listed as an ‘endangered ecological community’ (EEC) under the 
Environment Protection and Biodiversity Conservation (EPBC) Act 1999 (Cwlth) on 
12th May 2005 (DEE 2005; DEE 2018). BMUS are currently listed as an EEC under 
the EPBC 1999 (Cwlth) and as ‘vulnerable’ under the Threatened Species 
Conservation (TSC) Act 1995 (NSW) (Fryirs et al. 2014a). The other types of 
THPSS, including Montane peatlands and swamps of the New England Tableland 
and Newnes Plateau Shrub Swamps, are both listed as ‘endangered’ under the TSC 
Act 1995 (NSW; DEE 2018). Fourteen threatened plant species and five threatened 
animal species are found within THPSS (DEE 2018). For example, endangered 
species of fauna found in BMUS include the Blue Mountains Water Skink 
(Eulamprus leuranensis) (Dubey & Shine 2010; Gorissen, Greenlees & Shine 2016) 
and the Giant Dragonfly (Petalura gigangtea) (Baird 2012; Figure 9), and 
endangered flora include Carex klaphakei (Carey 2007) and Eucalyptus copulans 
(DEE 2018). 
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Figure 9. Endangered species found within BMUS, including a). the Blue 
Mountains Water Skink (Eulamprus leuranensis) (Zozaya 2014) and b). the 
Giant Dragonfly (Petalura gigangtea) (BBM 2014).   
The EEC listing of BMUS recognises the ecological significance of upland wetlands 
in Australia. However, these listings apply to the area occupied by the swamps 
themselves and does not apply to the wider catchment which feeds the swamps 
(Belmer, Tippler & Wright 2018). Therefore, urban pressures that occur in the 
catchment, such as urban development, infrastructure and runoff, pose a major threat 
to BMUS (Fryirs, Freidman & Kohlhagen 2012; Fryirs et al. 2014a; Belmer, Wright 
& Tippler 2015). BMUS are also subjected to a range of Key Threatening Processes 
(KTPs), which are factors that are recognised under the TSC Act 1995 (NSW) to 
adversely affect threatened species, populations or communities (TSC Act 1995, Part 
2, Division 2, Section 13). Identified KTPs within BMUS include alteration to the 
natural flow regime of rivers, streams and their floodplains, and wetlands; invasion 
and establishment of exotic vines and scramblers; and high fire frequency resulting 
in disruption of life cycle processes in plants and animals and loss of vegetation 
structure and composition (OEH 2016). The extent of threats posed to BMUS by 
human activities highlights the vulnerable nature of BMUS and the need for State 
and Federal protection of these ecosystems. 
1.10 Knowledge gap and the need for research within BMUS 
Urbanisation is a global scale issue, and increasing effort is being directed towards 
better understanding the consequences and effects of enhanced concentrations of 
major ions derived from urban landscapes (including calcium, potassium, 
magnesium, sulfate and bicarbonate) on freshwater ecosystems (Wright et al. 2011; 
Tippler et al. 2014; Chambers et al. 2016; Kaushal et al. 2017; Moore et al. 2017). 
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Despite the UGS and USS being well documented in urban rivers and streams, 
particularly within the US, the implications of urban development and concrete 
modification within highly sensitive ecosystems, such as wetlands, is not well 
understood and has received less attention in Australia. This highlights the need to 
identify sources leading to chemical alteration of the environment and their 
implications within aquatic ecosystems (Kaushal et al. 2017). Improving our 
understanding of the urban geochemical fingerprint of an environment will aid in the 
identification of the extent of impact of catchment urbanisation and help to determine 
key markers or indicators of urban degradation. 
To the best of our knowledge, there is limited research linking the ecological 
implications of catchment urbanisation with the physical, chemical and biological 
environment within a fragile freshwater wetland ecosystem. Previous research 
typically investigates environmental attributes in isolation (such as water quality), 
whilst some studies have examined interactions between multiple attributes (see 
Hogan & Walbridge 2007; Carling et al. 2013). However, there is relatively limited 
comparative research available regarding wetland ecosystems in urban and non-
urban catchments, particularly for sediment and foliage chemistry. BMUS offer a 
unique model system as they exhibit low buffering capacity, highly acidic pH, 
nutrient poor bedrock, and are sensitive to erosion as they have a limited ability to 
withstand increased flows of water without geomorphic stability being compromised 
(Fryirs, Freidman & Kohlhagen 2012; Fryirs, Cowley & Hose 2016). These 
characteristics result in BMUS being identified as ‘fragile’ environments, as they are 
susceptible to significant ionic and geomorphic changes. BMUS represent a case 
study to assess the effects of catchment urbanisation on fragile freshwater systems, 
which can be applicable on an international scale. Lessons learnt from BMUS have 
the potential to enhance knowledge of other sensitive freshwater environments 
around the world, how they may respond to the effects of urbanisation and to guide 
how we manage the issue of high imperviousness and urban development.  
1.11 Aims and hypotheses 
1.11.1 Aims 
This research aimed to explore any possible links between catchment urbanisation, 
urban water chemistry, concrete materials and its influence on physical, chemical and 
biological conditions within BMUS, encompassing water, sediment and vegetation.  
26 
 
1.11.2 Key objectives 
The key objectives were: 
(1) To investigate the impact of catchment urbanisation, particularly the role of 
concrete, on the elemental composition of water, sediment and vegetation from 
urban and naturally vegetated BMUS catchments. 
(2) To enhance knowledge of an EEC. 
1.11.3 Research Questions 
The research questions addressed were:   
(1) Do urban BMUS exhibit modified water chemistry relative to naturally vegetated 
BMUS catchments? 
(2) Does sediment from urban BMUS exhibit altered chemical composition and 
mineralogy compared to naturally vegetated BMUS catchments? 
(3) Does foliage tissue from vegetation species (including native and exotic species) 
growing within urban BMUS have modified elemental composition relative to 
naturally vegetated catchments? 
(4) Is there evidence that suggests that increased urbanisation alters BMUS 
geochemistry in ways that could degrade their physical or ecological condition? 
1.11.4 Hypotheses 
(1) Urban BMUS will exhibit modified water chemistry compared to naturally 
vegetated BMUS catchments. 
(2) Sediment chemical composition in urban BMUS will differ to naturally vegetated 
catchments due to higher ionic strength surface water. 
(3) Urban BMUS sediments will exhibit altered mineralogy relative to naturally 
vegetated BMUS. 
(4) Foliage tissue chemistry will differ between urban BMUS catchments relative to 
sites with naturally vegetated catchments.   
(5) The geochemical cycle of calcium has been modified following urbanisation and 
this signature can be detected in urban BMUS sites.   
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2. Methodology 
2.1 Study area 
The greater Blue Mountains region covers an area of approximately 1.03 million 
hectares (ha) and is comprised of diverse environments (ranging from wet and dry 
sclerophyll forest to heaths and wetlands) that experience a variety of environmental 
conditions (UNESCO 2018). The importance of this area is acknowledged through 
the establishment of the Blue Mountains National Park in 1959 and its listing as a 
World Heritage Area in 2000, which recognises the scientific, ecological, cultural 
and economic significance of this region (Chalson & Martin 2009; BMCS 2011; 
UNESCO 2018). The Blue Mountains represents the overlap of pristine natural 
ecosystems with urban development, as the Blue Mountains Local Government Area 
(LGA) is contained within the boundaries of the Blue Mountains National Park, 
which comprises approximately 70% of the LGA area (approximately 143,165ha; 
BMCC 2015). The population of the Blue Mountains was estimated to be 78,968 
people in 2017 (BMCC n.d.). Urbanisation and urban development continue to 
expand in this area, with housing development approvals showing increasing trends 
and significant upgrades to infrastructure such as the Great Western Highway (QV 
Australia 2016). Increasing urban pressures in this region have been identified by 
previous research to pose a potential threat to the health and condition of BMUS 
(Fryirs, Freidman & Kohlhagen 2012; Fryirs et al. 2014a; Belmer, Wright & Tippler 
2015; Cowley, Fryirs & Hose 2016; Belmer, Tippler & Wright 2018). 
2.1.1 Blue Mountains Upland Swamp study sites 
Eight BMUS locations, including four urbanised and four naturally vegetated 
catchments, were monitored to assess the chemical signatures of water, sediment and 
foliage (Table 2; Figure 10-11). The process of site selection involved consideration 
of swamp location, level of catchment urbanisation, accessibility and sites where 
previous research had been carried out (see Belmer 2015; Belmer, Weight & Tippler 
2015). Sites were chosen to reflect varying degrees of catchment urbanisation and a 
range of altitudes, environmental conditions (including temperature and rainfall) and 
aspect (as sites were located on both sides of the Great Western Highway). The 
altitude of sites ranged from approximately 600m to 1000m, reflecting the known 
distribution of BMUS (Fryirs, Freidman & Kohlhagen 2012), and ranged in size 
from 0.68ha to 9.93ha (Table 2). Due to the presence of pristine national park areas 
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and highly urban areas, BMUS are an example of a unique and ideal model system to 
assess the effects of catchment urbanisation on fragile freshwater ecosystems, as 
each swamp provides an independent catchment that allows for comparisons, and 
background geology remains similar across this region (Keith & Benson 1988; 
Holland, Benson & McRae 1992; Pickett & Alder 1997).  
Table 2. The location and characteristics of the eight BMUS study sites.   
 
 
 
 
 
 
 
Swamp name 
and location 
Site ID Swamp 
catchment 
type 
Latitude 
and 
longitude 
Elevation 
above sea 
level (m) 
Distance 
from 
coast 
(km) 
Swamp 
area 
(ha) 
Catchment 
area (ha) 
1). Bullaburra 
(Bullaburra) BUL Urban 
-33.727319, 
150.412928 
755 82.47 0.68 19.10 
2). Wentworth 
Falls 
(Wentworth 
Falls) 
WF Urban 
-33.707627, 
150.361313 
880 86.79 9.93 65.41 
3). North 
Lawson 
(Lawson) 
NLAW Urban 
-33.713851, 
150.427195 
695 80.95 1.15 79.18 
4). Popes Glen 
(Blackheath) PG Urban 
-33.633639, 
150.292336 
1010 97.20 0.82 69.30 
5). Mount Hay 
(Leura) MH 
Naturally 
vegetated 
-33.668644, 
150.346508 
920 90.41 3.92 21.00 
6). Hat Hill 
(Blackheath) HH 
Naturally 
vegetated 
-33.599941, 
150.328782 
967 92.71 4.10 39.92 
7). Lawson  
(Lawson) LAW 
Naturally 
vegetated 
-33.696739, 
150.444027 
665 80.55 9.10 66.51 
8). Kings 
Tableland 
(Wentworth 
Falls) 
KT 
Naturally 
vegetated 
-33.76210, 
150.38373 
780 85.04 6.06 28.71 
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Figure 10. The location of the eight BMUS study sites in the Blue Mountains. The approximate swamp boundary of naturally 
vegetated BMUS are indicated in green (n=4) and urban BMUS in orange (n=4). The approximate boundaries of urban areas of 
the Blue Mountains within the study region are outlined using thin black lines and the Great Western Highway, the major 
highway in the region, is indicated via a thick black line. The location of the study region in the Blue Mountains relative to 
Sydney and within NSW is also identified (see inset). 
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Figure 11. Photographs depicting each of the study sites, including urban BMUS 1). Bullaburra, 2). Wentworth Falls, 3). North 
Lawson, 4). Popes Glen, and naturally vegetated BMUS 5). Mount Hay, 6). Hat Hill, 7). Lawson and 8). Kings Tableland (Rani 
Carroll 2018).   
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2.1.2 Calculation of impervious area within swamp catchments 
Impervious surfaces, including roads, buildings, concrete surfaces, driveways, 
stormwater infrastructure (such as gutters and pipes), pathways and carparks, alter 
the natural hydrology of the environment by changing the flow, velocity and path of 
runoff (Arnold & Gibbons 1996; Paul & Meyer 2001; Kaye et al. 2006). As a result, 
the cover of impervious surfaces within a catchment has been recognised as a key 
environmental indicator of non-point source pollution on the condition and health of 
aquatic ecosystems in urban areas (Arnold & Gibbons 1996; Booth & Jackson 1997; 
Paul & Meyer 2001; Hatt et al. 2004; Walsh et al. 2005; Conway 2007; Kaushal et al. 
2015; Kaushal et al. 2017). Previous research has attempted to identify the threshold 
at which impervious cover triggers rapid degradation of water quality (Arnold & 
Gibbons 1996; Booth & Jackson 1997; Conway 2007; Vietz et al. 2014; Beck, 
McHale & Hess 2016). It is suggested that water quality becomes significantly 
degraded when catchment impervious cover reaches 20-30% (Arnold & Gibbons 
1996; Booth & Jackson 1997; Beck, McHale & Hess 2016), with ecosystem health 
impaired when imperviousness exceeds 10% (Arnold & Gibbons 1996). However, it 
has been proposed that the health of aquatic ecosystems may be impacted by as little 
as 2-5% impervious coverage (Vietz et al. 2014; Conway 2007). As findings have 
been observed to vary between studies and regions, this highlights the importance of 
identifying local baseline values so that the effect of impervious surfaces on the 
environment can be determined.  
Swamp area and catchment area (determined based on topography of each location 
and field observations) was estimated using Google Maps (Google Maps 2018) and 
SIX Maps (NSW Government Spatial Services 2018) (Figure 12; Table 3). The area 
(in ha) of all buildings, roads, driveways and other impervious surfaces was 
calculated within each swamp catchment from satellite images using Google Maps. 
This data was used to calculate the total percentage of impervious area (IA%) of the 
catchment at each site (US EPA 2011). The IA% was then used to calculate the 
percentage of Directly Connected Impervious Area (DCIA%) within each swamp 
catchment using the approach outlined by US EPA (2011; Equation 2.1). This 
approach used the conservative assumption of low-density residential land use in 
each swamp catchment (as IA% was less than 38% but greater than 19%; US EPA 
2011). Catchment type (urbanised or naturally vegetated) was determined based on 
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the IA% within each swamp catchment, with urban defined as greater than 19% 
coverage of impervious surfaces based on US EPA (2011) and previous research 
(Belmer 2015; Belmer, Wright & Tippler 2015). Naturally vegetated catchments 
were defined as catchments in which no urban development or impervious surfaces 
were present. However, in the case of Kings Tableland BMUS, whilst there were 
several buildings on the edge of the swamp catchment, they were deemed to 
constitute a minimal impact (as impervious cover constituted only 0.18% of the 
catchment), and so this was still classified as a naturally vegetated site.  
DCIA (%) = 0.04(IA %)1.7                                                       [2.1] 
 
Figure 12. Calculation of impervious area (IA%) within each swamp catchment. 
a). Identification of the approximate catchment of Wentworth Falls BMUS 
using topographical maps (SIX Maps 2018). b). Mapping of impervious surfaces 
within the Wentworth Falls BMUS catchment (Google Maps 2018). The swamp 
area is indicated in orange, impervious surfaces are indicated as: roads (shown 
in blue), houses and driveways (outlined in black), the boundary of the swamp 
catchment (outlined in red) and the approximate point from where all samples 
were collected (indicated by yellow marker).
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Table 3. The characteristics of each of the BMUS catchments studied (n=8), including cover of major types of impervious 
surfaces, percentage impervious area (IA%) and directly connected impervious area (DCIA%). Impervious areas were 
determined based on the approach outlined by US EPA (2011) and Belmer (2015).   
Swamp 
Name and 
Location 
Site ID Swamp 
Catchment 
Type 
Area of 
buildings 
(ha) 
Percentage 
of 
catchment 
covered by 
buildings 
(%) 
Area of 
sealed 
roads 
(ha) 
Percentage 
of catchment 
covered by 
roads (%) 
Area of 
other 
impervious 
surfaces 
(e.g. 
driveways, 
carparks) 
(ha) 
Percentage 
of catchment 
covered by 
other 
impervious 
surfaces (%) 
Total 
impervious 
area within 
catchment 
(ha) 
Percentage 
catchment 
Impervious 
Area (IA%) 
Percentage 
Directly 
Connected 
Impervious 
Area 
(DCIA%) 
1). 
Bullaburra 
(Bullaburra) 
BUL Urban 1.35 7.07 2.68 14.03 0.75 3.95 4.78 25.03 9.54 
2). 
Wentworth 
Falls 
(Wentworth 
Falls) 
WF Urban 6.79 10.38 5.08 7.77 2.79 4.27 14.66 22.41 7.90 
3). North 
Lawson 
(Lawson) 
NLAW Urban 3.46 4.37 11.95 15.09 2.92 3.69 18.33 23.15 8.35 
4). Popes 
Glen 
(Blackheath) 
PG Urban 8.26 11.92 9.81 14.16 5.70 8.23 23.77 34.30 16.30 
5). Mount 
Hay (Leura) MH 
Naturally 
vegetated 
0 0 0 0 0 0 0 0 0 
6). Hat Hill 
(Blackheath) HH 
Naturally 
vegetated 
0 0 0 0 0 0 0 0 0 
7). Lawson 
(Lawson) 
LAW 
Naturally 
vegetated 
0 0 0 0 0 0 0 0 0 
8). Kings 
Tableland 
(Wentworth 
Falls) 
KT 
Naturally 
vegetated 
0.05 0.18 0 0 0 0 0.05 0.18 0.002 
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2.2 Field and laboratory sampling procedures 
2.2.1 Water sampling 
2.2.1.1 Sample collection  
Initial sampling of water quality was conducted in September 2017, including two 
urban swamps (Bullaburra and North Lawson) and two naturally vegetated swamps 
(Mount Hay and Hat Hill), to identify potential methodological approaches (see 
Appendix 1 and Carroll, Wright & Reynolds (2018) for details). The study was 
expanded in 2018 to assess eight BMUS sites, with four urban and four naturally 
vegetated catchments and sampling was carried out between April and June 2018 
(Table 2-3; Figure 10-11). During the sampling period in 2018 the study area 
experienced drought conditions; however, this was not the case in September 2017.   
Water quality was assessed on three occasions at each site between April and June 
2018 (with sampling conducted on 13/04/2018, 17/05/2018, and over the course of 
two days for the final sampling event on 21/06/2018 and 28/06/2018). Water was 
collected from surface water at the exit stream of each swamp. The exit stream was 
defined as being as close as possible to the end of the swamp catchment at a location 
where water seepage or flow emerged and came to the surface. The characteristics of 
the exit stream varied between sites, including fast-flowing, small waterfalls (such as 
Kings Tableland) and slow-moving pools of water resulting from seepage (such as 
Lawson; Figure 13). Testing was conducted at either a small pool of running surface 
water at this point, or if water was flowing (such as a small waterfall where there was 
no appropriate site to place meters) samples were collected from the flow and meters 
were placed immediately in plastic sample bottles for analysis.  
Water physiochemical properties were tested in the field, including pH (pH units) 
and electrical conductivity (EC; µS/cm) using a calibrated TPS AQUA-Cond-pH 
meter, and dissolved oxygen (DO; in milligrams per litre (mg/L) and percentage (%)) 
and temperature (°C) using a calibrated YSI ProODO meter (Figure 14). Prior to use 
during each sampling event, meters were calibrated, using buffering solutions of 4 
pH units and 10 pH units for the TPS AQUA-Cond-pH meter, and to 100% 
saturation (+/- 10%) for the YSI ProODO meter. Probes were placed in the water and 
allowed to stabilise for 5-10 minutes, then five repeated measures were recorded 
once the meter had stabilised. Water sampling techniques followed the methods 
described by Belmer, Wright & Tippler (2015). Duplicate 500mL grab samples were 
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collected from surface water at the exit stream in sterilised plastic containers. All 
samples were stored in an esky and transported back to the laboratory at Western 
Sydney University (WSU), Hawkesbury Campus, where they were stored at 4°C 
prior to analysis. 
Due to continued dry conditions during the time of the study in 2018, there was no 
surface water present at Mount Hay BMUS during the second and third sampling 
events, therefore no water samples were collected during this time from this site. EC 
readings at non-urban Lawson BMUS during the third sampling event were notably 
higher than previous sampling events and past research (such as Belmer, Wright & 
Tippler 2015). Subsequent readings taken later in the laboratory from the collected 
sample bottle using a different field meter (obtaining a mean of 46.95µS/cm) were 
significantly lower than the field readings (mean 134.54µS/cm), therefore the EC 
data from Lawson on the 21/06/2018 was excluded from all statistical analyses due 
to suspected equipment error. 
 
Figure 13. Examples of BMUS exit streams, where water samples and field 
readings were taken. a). Surface water collected in a pool at Lawson BMUS, and 
b). an example of the fast-flowing exit stream (where water emerges to the 
surface) at Kings Tableland BMUS (Rani Carroll 17 May 2018).  
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Figure 14. Testing of water quality in the field at BMUS. a). Field meters placed 
in surface water at the exit stream of Mount Hay BMUS to test water 
physiochemical attributes (Rani Carroll 13 April 2018). b). Collecting grab 
samples for analysis of water chemistry at Lawson BMUS (Ian Wright 13 April 
2018).   
2.2.1.2 Water sample analysis 
Nutrients (including nitrates (mg/L NO3
-) and reactive phosphates (mg/L PO4
3-)) 
were tested in the laboratory at WSU on three occasions using a HACH Drel 
Spectro-photometer (DR/2400; cadmium reduction method 8171), with 5 replicates 
per swamp tested for each nutrient (Hach Company 2004; McNeish, Benbow & 
McEwan 2017; Figure 15). The Drel machine was tested prior to use using a control 
sample with a known concentration of 1 mg/L NO3- and 1 mg/L PO4
3- to determine 
the calibration of the machine and the process of sample preparation as it is 
technique sensitive. These samples were within +/- 20% of the known concentration 
as per the guidelines provided (Hach Company 2004), therefore the technique used 
was repeated for all subsequent samples. As two water samples were collected from 
each swamp, two samples were taken from replicate one and three from replicate two 
per swamp. During the first sampling event, the blank for the reactive phosphate tests 
was derived from replicate two. However, during the second and third sampling 
events, one blank per replicate was used with the samples from the corresponding 
bottles. Turbidity was also tested using a HACH 2100P Turbidimeter, with five 
replicates per swamp (Justus et al. 2016; Richards et al. 2016). As with nutrient 
testing, two samples were taken from replicate one and three from replicate two per 
swamp. After each field sampling event, samples were analysed in the laboratory 
over the course of one day, 1-5 days after the water had been collected in the field. 
All water was refrigerated at 4°C between collection and analysis. Water samples 
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were not filtered from any sampling events. Therefore, when samples were taken 
from the bottles for nutrient and turbidity testing, in some cases there were particles 
or organic matter present in the bottom of the bottle. This was particularly the case 
for the Mount Hay sample from the first sampling event (13/04/2018) as the water 
level was lower due to bottle leakage, therefore this may have affected turbidity and 
nutrient results for this sample.   
For the first sampling event, grab samples were transported back to the laboratory 
and a subsample was transferred into sterile plastic bottles for analysis of major 
anions, cations and metals, with two replicates per attribute per swamp (total n=4 per 
swamp). This was done to check if water needed to be filtered prior to analysis. 
However, water was not filtered from any sites from all sampling events, therefore 
during subsequent sample collection sterile plastic bottles were filled directly in the 
field, stored in an esky and transported back to the laboratory. Samples were 
collected and stored (at 4°C) in accordance with laboratory instructions prior to being 
sent to EnviroLab Services Sydney, a commercial National Association of Testing 
Authorities (NATA) accredited laboratory for analysis.  
The techniques used to assess the ionic composition of water were in line with the 
American Public Health Association (APHA) standard methods for analysis of water 
(APHA 2012), and are endorsed by NATA. All samples were filtered (0.45µm) prior 
to analysis. Samples were then analysed directly for major cations, including Ca2+, 
K+, Na2+, Mg2+, Aluminium (Al3+), Manganese (Mn2+), Iron (measured as Fe3+), 
Ni2+, Zn2+, Ba2+, Cd2+, Cr2+, Pb2+, Molybdenum (Mo3+), U3+, Sr2+, Cobalt (Co2+), 
Arsenic (AsO3
- and AsO4
3-), Lithium (Li+) and Titanium (Ti4+) using inductively 
coupled plasma optical emission spectrometry (ICP-OES) and inductively coupled 
plasma mass spectrometry (ICP-MS) (EnviroLab Services Pty Ltd 2018, pers. comm. 
13 August). The anions Cl- and SO4
2- were assessed using Ion Chromatography (IC; 
APHA method 4110-B). Bicarbonate and carbonate-alkalinity was determined 
titrimetrically (APHA method 2320-B; EnviroLab Services Pty Ltd 2018, pers. 
comm. 13 August)). Bicarbonate was measured as bicarbonate alkalinity as CaCO3 in 
water, however for the purpose of this thesis it will be referred to as HCO3
- 
throughout this document.  
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Figure 15. Methods used to assess water quality attributes in the laboratory, 
including a). Examples of grab samples taken in plastic bottles for elemental 
analysis (Rani Carroll 16 April 2018), b). Testing for reactive phosphate 
(presence and concentration indicated by the blue colour) in water samples 
from urban Popes Glen BMUS (Rani Carroll 29 June 2018), c). The HACH 
2100P Turbidimeter used to test turbidity (Rani Carroll 18 May 2018) and d). 
The HACH Drel Spectro-photometer used to test concentrations of nitrates and 
reactive phosphates (Rani Carroll 16 April 2018). 
2.2.2 Sediment sampling 
2.2.2.1 Sample collection 
Sediment samples were collected in September 2017 from four BMUS to conduct an 
initial assessment of the chemical composition of surface sediment (0-10cm) 
between catchment types (see also Appendix 1). Surface sediment samples were then 
collected using gloves and sterile plastic jars from seven of the eight study sites 
(excluding Wentworth Falls) on 17th May 2018 to assess techniques for analysing 
sediment mineralogy. Samples were collected in close proximity (approximately 5-
20m) to the site of water sampling at the exit stream. Surface samples were collected 
to assess the links between surface runoff and sediment chemistry, in keeping with 
previous research (King & Buckney 2002; Bain, Yesilonis & Pouyat 2012; Grella 
2013; Grella, Renshaw & Wright 2018). Samples were stored in plastic ziplock bags 
and transported in an esky back to the laboratory at WSU Hawkesbury. Sediment 
samples were dried in sterile plastic Petri dishes in a Labec laboratory incubator 
S4218 (Laboratory Equipment Pty Ltd) for 84 hours at 20°C, followed by 36 hours at 
30°C (determined based on the set temperature of the incubator). Samples were 
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gently ground using a mortar and pestle and transferred to sterile Falcon tubes 
(15mL).  
Sediment cores were taken from each swamp to conduct further analysis on sediment 
composition by depth. Polyvinyl chloride (PVC) pipe (diameter 55mm) was cut into 
approximately 50cm lengths using an Ozito Multi-Function Tool (300W MFR-2200) 
and the edge at the base of the pipe was sharpened (Hogan & Walbridge 2007). The 
pipes were then washed (using tap water and detergent) to remove dust and other 
contaminants. Sediment cores were collected over the course of two days, on 21st 
June (at sites 1, 3, 7 and 8) and 28th June 2018 (at sites 2, 4, 5 and 6; Table 2). One 
core was collected per swamp, with an additional test core also taken at Lawson 
BMUS. All sediment cores were collected in close proximity (approximately 5-20m) 
to the exit stream and as close as possible to the main drainage channel of the 
swamp. When inserting the core, the top layer of vegetation was moved aside and 
then the pipe was encouraged into the ground using a mallet, with a wooden board 
placed on top of the pipe to reduce the risk of breaking (Hogan & Walbridge 2007; 
Figure 16). The pipe was eased in to a depth of approximately 40cm (to allow the 
pipe to be extracted) or until the pipe hit the resistant layer. The pipe was then 
removed with the intact core inside, and immediately wrapped in clingfilm, with a 
plastic plug also being inserted inside the top of the pipe to reduce the movement of 
the core inside. The cores were then kept upright at all times and placed in the freezer 
(-18°C) at the time of sampling for 12-19 days until analysis.   
 
Figure 16. Sediment coring within BMUS, including a). the core at Lawson 
BMUS, showing the depth of the PVC pipes before being extracted (Rani 
Carroll 21 June 2018) and b). working the PVC pipe into the sediment at Mount 
Hay (Ian Wright 28 June 2018).  
40 
 
Once the cores were frozen solid (after 12-19 days based on time of collection and 
order of analysis), the PVC pipe was cut down both sides using an Ozito Multi-
Function Tool (300W MFR-2200). This approach aimed to cut only the PVC pipe, 
had minimal impact on the external part of each core and did not affect the interior of 
the core. One half of the pipe was then removed, and the intact core was left to thaw 
for 30-60 minutes. Once the core had thawed sufficiently, a photograph was taken, 
and the layers within the sediment were identified. The colour of each layer was then 
determined using a Munsell Soil Colour chart (1975, Frank McCarthy Colour Pty 
Ltd, Victoria, Australia). A subsample (approximately 5-10g) was then collected 
from each layer on the top half of the left-hand side of the core. The outer layer of 
the core that was in contact with the pipe was scraped away using a scalpel and then 
the sample was removed from the centre of the core in each layer and placed in a 
sterile plastic Falcon tube (50mL). On the right-hand side of the top half of the core, 
readings were taken for pH (pH units; using a TPS Aqua-CP Conductivity/pH meter) 
and Redox potential (Eh; measured in millivolts (mV) using a TPS WP-80D Dual 
pH-mV meter) by inserting each of the probes into the side of the core (once the core 
had thawed enough to allow this; Figure 17). Readings for pH and redox were taken 
at 5cm intervals along the right-hand side of the core (Freidman & Fryirs 2014). The 
bottom half of the core was attempted to be left intact and once all samples and 
readings were taken, the other half of the pipe was placed back on top and the core 
was rewrapped in gladwrap, labelled and placed back into the freezer (-18°C) to 
preserve it for future research. The subsamples from each core were then placed in 
the Falcon tubes (with lid removed) in a Labec laboratory incubator S4218 
(Laboratory Equipment Pty Ltd) to dry for 24-48 hours at 30°C (time was dependent 
on peat samples that had high moisture content and required additional time).  
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Figure 17. Analysis of the sediment cores in the laboratory, including a). the use 
of probes into the intact cores at 5cm intervals to assess pH and redox (Rani 
Carroll 4 July 2018) and b). measuring pH in cores (Ian Wright 11 July 2018). 
2.2.2.2 Sediment sample analysis 
The elemental composition and mineralogy of all sediment samples collected in 2018 
was analysed at the Advanced Materials Characterisation Facility (AMCF) at WSU 
Parramatta. Analysis of the preliminary samples (collected on 17/05/2018) was 
undertaken to assess the proposed techniques, which guided analysis of the sediment 
cores. This included the use of X-ray Diffraction (XRD) and Scanning Electron 
Microscopy (SEM). The September 2017 sediment samples were analysed by a 
NATA accredited laboratory and assessed using acid digestion and water extraction 
techniques.  
A Bruker D8 Advance X-Ray Diffractometer (XRD) with a copper K-alpha radiation 
source and LynxEye detector was used to assess mineralogy of the samples by site 
and depth. All samples were prepared by being ground into a fine powder using a 
mortar and pestle and then packed into a glass sample holder using a glass slide 
(Figure 18). A test run was completed using two of the preliminary samples 
(Bullaburra (BUL) and Lawson (LAW)). The parameter file for this analysis 
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included a 5-80 degree 2θ scan (duration 4 hours) with a step rate of 0.02 degrees, 
3.5 seconds time per step and rotation on. A divergence and anti-scattering slit size 
of 12.0mm and a generator voltage of 40kV were also used. The rotation resulted in a 
static charge which caused the sample packed into the sample holders to move, 
therefore all subsequent analyses were conducted with rotation off. Duplicate 
samples of all preliminary (n=7) samples and two standards, including CaCO3 and 
Ca(OH)2 were analysed using the described parameter file with rotation off. A 
sample from each layer of the sediment cores from each site was then assessed using 
the same specifications. Analysis of all XRD results was undertaken using Bruker’s 
EVA software, with spectra compared with the CaCO3 and Ca(OH)2 standards, using 
the Powder Diffraction File (PDF) database from the International Centre for 
Diffraction Data (ICDD).  
 
Figure 18. XRD techniques used to assess sediment samples. a). The Bruker D8 
Advance XRD used to assess sediment mineralogy (Rani Carroll 27 July 2018), 
b). preparation of XRD samples (Rani Carroll 6 July 2018) and c). examples of 
mounted XRD samples from the different layers of cores from Bullaburra (left), 
Lawson (middle) and Kings Tableland (right), showing visual changes in sample 
properties with increasing depth (Rani Carroll 6 July 2018). 
A JEOL 6510LV SEM equipped with a Moran Scientific/Amptek Energy-dispersive 
X-ray Spectroscopy (EDS) system for microanalysis was used to compare the 
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elemental composition of sediment samples between urban and naturally vegetated 
catchments (Figure 19). A sample of sediment from each site and depth was mounted 
on carbon tape on a stainless-steel stub, and three scans were analysed per stub to 
give an approximate average for the sediment of each sample. Spots chosen for 
analysis attempted to scan predominantly sediment particles (not clearly organic 
matter, rocks or sand grains). Specifications for the SEM analysis were low vacuum 
(30Pa), 25kV accelerating voltage, use of the Backscatter Electron detector (BSE), 
working distance 15mm, spot size of 55-60, images taken at 40-60 times 
magnification and EDS analysis for 100 seconds at 400 times magnification (count 
rate between 2000-3000). The EDS detector was calibrated using copper prior to 
each use. All EDS analysis were conducted at 400 times magnification to maintain 
consistency and as this was the lowest magnification at which soil particles for all 
samples would cover the entire field of view. All SEM-EDS spectra were analysed 
using the Moran Scientific/Amptek EDS system. Silicon can be derived from a range 
of sources (such as quartz, geological materials and clay mineralogy), therefore 
silicon was annotated as quartz/aluminosilicate for all EDS analyses. 
 
Figure 19. Analysis of sediment using SEM techniques, including a). the JEOL 
6510LV SEM used to analyse samples (Rani Carroll 27 July 2018) and b). 
mounting sediment samples on the stubs for analysis (Rani Carroll 6 July 2018). 
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Surface sediment samples were collected from the top 5cm of sediment (surface 
organic matter and leaf litter was first removed) using a trowel and gloves and stored 
in sterile glass jars during a single sampling event in September 2017 (King & 
Buckney 2002; Grella 2013; Grella, Renshaw & Wright 2018). Five spatial replicates 
were randomly collected from each of the four swamp catchments (determined using 
a random number table). Samples were then analysed by a NATA accredited 
laboratory and all samples were homogenised prior to analysis. Major cations 
(including Ca2+, K+, Na2+, Mg2+) were assessed using an acid digest at 95ºC using 
HCl/HNO3 for >2 hours, followed by analysis by ICP-OES. To assess major anions, 
including HCO3
-, Cl- and SO4
2-, a 1:5 ratio of solids to Ultra High Purity (UHP) 
water extractions was used, where samples were subjected to end over end tumbling 
for >2 hours. Cl- and SO4
2-, were then assessed using IC (APHA method 4110-B), 
and HCO3
- was measured titrimetrically (APHA method 2320-B) as soluble 
bicarbonate as CaCO3 (EnviroLab Services Pty Ltd 2018, pers. comm. 6 December). 
This technique provides a measure of the concentrations of anions that are dissolved 
in the water, however may not represent the total amount present in the sediment 
sample. 
2.2.3 Foliage sampling 
2.2.3.1 Foliage sample collection 
Foliage samples were collected from four BMUS sites, with two urban (Bullaburra 
and North Lawson) and two naturally vegetated sites (Mount Hay and Hat Hill). 50-
100g per species was collected from the three most dominant native species per 
swamp (determined by visual inspection). Foliage samples were comprised of mature 
leaves from close to the top of the canopy of each shrub (Wang et al. 2014b). Each 
sample per species was comprised of a subsample collected from 3-5 individual 
plants that were in close proximity to the main drainage channel of the swamp. Three 
exotic species were also collected from Bullaburra BMUS, as this was the only site 
where exotic species were observed to be present at the time of sampling (see 
Appendix 1; Table A1 for a full list of species collected). Leptospermum juniperinum 
(Prickly Tea Tree), a native species from the Myrtaceae family that is found within 
the wider Blue Mountains region and BMUS (Keith & Benson 1988; Chalson & 
Martin 2009; DEE 2018), was identified as being common to all sites studied.  
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2.2.3.3 Foliage sample analysis 
All samples were dried in sterilised plastic trays in a Labec laboratory incubator 
S4218 (Laboratory Equipment Pty Ltd) for six days at 40°C (determined by the 
maximum temperature for the equipment available). Dried foliage tissue was ground 
(in four subsamples of approximately 5-10g per species) for 30 seconds (using a 
Sunbeam Multigrinder II EMO405), sieved (1000µm) to ensure consistent particle 
size between species and stored in sterile glass jars (containing 20-24 grams per 
species; Wang & Moore 2014; Figure 20). Gloves were worn, and all equipment was 
cleaned thoroughly using deionised water and dried after each species to prevent 
contamination. All foliage tissue samples were analysed by a NATA accredited 
laboratory, using methods similar to the sediment samples (section 2.2.3.2). Prior to 
analysis, all samples were homogenised using a mortar and pestle. Major cations 
(including Ca2+, K+, Na2+, Mg2+) were assessed using an acid digest (at 95ºC using 
HCl/HNO3 for > 2 hours) and analysed using ICP-OES. Anions, including HCO3
-, 
Cl- and SO4
2-, were analysed using water extractions (including a 1:5 ratio of solids 
to UHP and shaken for >2 hours). Cl- and SO4
2-, were then assessed using IC (APHA 
method 4110-B), and HCO3
- was measured titrimetrically (APHA method 2320-B) 
as soluble bicarbonate as CaCO3 (EnviroLab Services Pty Ltd 2017, pers. comm. 6 
December). Like the sediment analysis, this technique assesses anions that are 
dissolved in the water during the wash phase, therefore may not reflect the total 
amount present in the foliage tissue.  
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Figure 20. Collection and preparation of foliage tissue. a). Foliage collection at 
Hat Hill BMUS (Rani Carroll 26 September 2017), b). Grinding and sieving of 
dried foliage tissue (Rani Carroll 8 September 2017) and c). examples of 
prepared foliage tissue that was then analysed using acid digestion and water 
extraction techniques (Rani Carroll 8 September 2017).  
2.3 Data analysis 
2.3.1 Statistical analysis 
All data (including water, sediment and foliage) was analysed using IBM SPSS 
Statistics version 22. For the data from the September 2017 study, normality was 
determined using the Shapiro-Wilk test and equality of variances was assessed using 
Levene’s test (Halstead et al. 2014). Data did not meet the assumptions of normality 
(equal variances and normality <0.05), therefore data was analysed using the non-
parametric technique of independent samples Mann-Whitney U test to identify if 
chemistry of water, sediment and foliage differed between urban and naturally 
vegetated swamp catchments (Moore et al. 2017).  
For the water quality data from 2018 sampling, the mean of the five field water 
readings for the physiochemical attributes was taken, and data on chemical 
composition (including ions and metals) was also averaged to give two replicates per 
swamp for each sampling event. EC results from Lawson BMUS on the third 
sampling event (21/06/2018) were excluded from all statistical analyses due to 
suspected equipment error and no water quality data was obtained from Mount Hay 
during the second and third sampling events as there was no surface water present. 
All data (including physiochemical attributes, major ions and metals) was then each 
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analysed using a mixed linear model, where the fixed factor was the catchment type 
and the random variable was the sampling event (to incorporate variability over 
time). This approach allowed for a comparison of catchment types, whilst also taking 
into consideration the individual variability over time and between sampling events. 
For all analyses conducted, statistical significance was established at the 0.05 level. 
Any values that were below detection limits (BD) were attributed as half of the 
minimum detection value (Johnson et al. eds. 2011; Moore et al. 2017), however 
were indicated as BD in the tables and graphs. 
2.3.2 Water quality modelling 
The PHREEQC software program (version 3.1.7.9213) with the LLNL database 
package was used to calculate ionic activities and determine the ionic strength of 
water (Parkhurst & Appelo 2013). Phases considered included atmospheric carbon 
dioxide (pCO2 = -3.5), portlandite (log K = 22.55) and calcite (log K = 1.84). 
Solution speciation was calculated, and saturation index (SI) was determined based 
on Equation 2.2, where IAP indicates the ion activity product and Ks refers to the 
thermodynamic solubility product of the relevant phase (Wright et al. 2018). Based 
on the ionic composition modelling, the dominant ions are reported in the Results 
(Chapter 3). Importantly, Fe3+ was dominant over Fe2+ at all sites, therefore Fe3+ will 
be used to represent both Fe3+ and Fe2+. 
SI = log IAP/Ks
                                                       [2.2] 
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3. Results 
3.1 Water 
3.1.1 Water physiochemical properties  
Water physiochemical properties differed significantly between the urban and 
naturally vegetated BMUS catchments, with elevated pH and EC in urban swamps 
and higher DO levels in naturally vegetated swamps (Table 4). Water quality 
findings from April-June 2018 were also observed to be consistent with the findings 
of the study conducted in September 2017 (see Appendix 1; Table A2).   
Table 4. Summary of water physiochemical properties for BMUS urban (n=4) 
and naturally vegetated (n=4) catchment types from April-June 2018 sampling. 
Significance is indicated as *= p<0.05, **= p< 0.01, ***= p<0.001 and ns=not 
significant. d.f. denotes the degrees of freedom (numerator, denominator). 
  
 
 
Urban BMUS Catchments Naturally Vegetated BMUS 
Catchments 
Attributes F 
statistic 
d.f. p 
value 
Range Mean Median Range Mean Median 
pH (pH 
units) 50.38 1, 20 
0.000 
*** 
5.56-
7.09 
6.20 6.08 
4.56-
5.40 
4.87 4.81 
Electrical 
Conductivity 
(µS/cm) 
18.80 
1, 19 
0.000 
** 
45.10-
164.90 
116.30 137.45 
25.30-
79.10 
45.57 49.70 
Dissolved 
Oxygen 
(mg/L) 
11.69 1, 
18.13 
0.003 
** 
0.37-
10.60 
5.77 5.86 
7.50-
10.88 
9.28 9.25 
Dissolved 
Oxygen (%) 11.98 1, 20 
0.002 
** 
3.20-
91.40 
51.52 50.05 
75.00-
102.50 
85.02 83.45 
Temperature 
(°C) 0.51 1, 
18.01 
0.483 
(ns) 
6.60-
16.90 
10.59 8.95 
6.20-
24.70 
11.85 9.40 
Turbidity 
(NTU) 
2.92 
1, 20 
0.103 
(ns) 
1.57-
88.50 
13.52 7.04 
0.73-
19.80 
3.00 2.18 
Nitrates 
(mg/L NO3
-) 0.02 1, 
18.12 
0.890 
(ns) 
0.10-
0.80 
0.38 0.40 0-1.10 0.37 0.35 
Reactive 
Phosphates 
(mg/L PO4
3-) 
1.71 1, 
18.01 
0.207 
(ns) 
0.02-
1.35 
0.27 0.20 
0.04-
2.39 
0.32 0.20 
 
 
49 
 
pH was significantly higher in the urban compared to the naturally vegetated BMUS 
catchments (F = 50.38, d.f. = 1,20, p<0.001). Mean pH in urban swamps was 
elevated by 1.33 pH units (at 6.20 pH units), compared to the naturally vegetated 
catchments (mean 4.87 pH units; Figure 21). The pH ranges of the naturally 
vegetated (4.56-5.40 pH units) and urban (5.56-7.09 pH units) swamps also did not 
overlap. Urban Bullaburra BMUS exhibited the highest pH, with an overall mean 
from the three sampling events of 7.02 pH units and a maximum of 7.09 pH units on 
13th April 2018 (Figure 21; Appendix 2; Table A4). The most acidic conditions were 
observed at naturally vegetated Kings Tableland BMUS, with a mean of 4.61 pH 
units and minimum of 4.56 pH units on 21st June 2018 (Appendix 2; Table A5).   
EC readings were significantly higher in the urban swamps compared to the naturally 
vegetated catchments (F = 18.80, d.f. = 1,19, p<0.01; Table 4). Urban swamps (mean 
116.30µS/cm) exhibited EC that was 2.55 times higher than the non-urban 
catchments (mean 45.57 µS/cm; Figure 21). The EC range of the urban swamps was 
45.10-164.90µS/cm, whereas the range of the non-urban swamps was smaller, being 
25.30-79.10µS/cm. North Lawson exhibited the highest mean EC (152.71µS/cm) and 
had the greatest overall EC value recorded at 164.90µS/cm on 13th April 2018 
(Appendix 2: Table A4). EC concentrations at urban Wentworth Falls BMUS were 
more similar to trends exhibited within the non-urban swamp catchments, with a 
mean of 46.47µS/cm. Hat Hill exhibited the lowest EC on 17th May 2018, at 
25.3µS/cm and had mean EC levels of 26.42 µS/cm (Appendix 2; Table A5). For the 
naturally vegetated swamps, there was a clear trend of decreasing EC with increasing 
distance from the coast (Appendix 2; Figure A1; see also Table 2), however EC in 
urban swamps was more variable, making the effect of distance from the coast 
unclear. 
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Figure 21. Mean (+/- standard error of the mean (SE)) water pH and EC in 
urban (orange) and naturally vegetated (green) BMUS recorded in this study. 
Comparisons are provided across all urban versus naturally vegetated BMUS in 
a). and b). and for individual BMUS in c). and d). Statistical signficance (p 
value) is indicated in the top right-hand corner.  
Levels of DO in water differed between catchment types, with naturally vegetated 
swamps exhibiting higher DO in terms of milligrams per litre (F = 11.69, d.f. = 1, 
18.13, p<0.01) and percentage saturation (F = 11.98, d.f. = 1, 20, p<0.01). Mean DO 
in the urban swamps was 5.77mg/L and 51.52%, whereas in the naturally vegetated 
swamps it was 9.28mg/L and 85.02%, representing 1.61 times increase DO per mg/L 
and 33.50% higher DO in the non-urban catchments (Figure 22; Table 4). Popes 
Glen exhibited significantly lower DO levels compared to all other sites, with a mean 
of 1.52mg/L and 13.04%.   
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Figure 22. Mean (+/- SE) water DO (mg/L) and DO (%) in urban (orange) and 
naturally vegetated (green) BMUS recorded in this study. Comparisons are 
provided across all urban versus naturally vegetated BMUS in a). and b). and 
for individual BMUS in c). and d). Statistical signficance (p value) is indicated in 
the top right-hand corner. 
Concentrations of nitrate and reactive phosphates were not statistically significant 
between the catchment types (F= 0.02, d.f. = 1,18.12, p>0.05 and F=1.71, d.f = 1, 
18.01, p>0.05 respectively; Figure 23). Levels of nitrates remained similar between 
the urban (mean 0.38mg/L NO3
-) and non-urban catchments (mean 0.37mg/L NO3
-) 
over the three sampling events (Table 4). Nitrate concentrations ranged between 
0.10-0.80mg/L NO3
- in the urban swamps and 0.00-1.10mg/L NO3
- in the non-urban 
swamps. The highest mean nitrate levels were recorded at Mount Hay BMUS, at 
0.92mg/L NO3
-, whereas the lowest mean nitrate concentration was observed in 
Lawson BMUS at 0.21mg/L NO3
-
 (Appendix 2; Table A5). This trend was also 
maintained for reactive phosphates, with no significant difference between urban 
(mean 0.27mg/L PO4
3-) and non-urban swamps (mean 0.32mg/L PO4
3-). Median 
reactive phosphate values were also the same (0.20mg/L PO4
3-) for each catchment 
type. Hat Hill BMUS had the highest mean reactive phosphate concentration, with 
0.43mg/L PO4
3-, and the lowest value was recorded for Kings Tableland (0.20mg/L 
PO4
3-; Appendix 2: Table A5). 
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Figure 23. Mean (+/- SE) concentrations of nitrates and reactive phosphates in 
water in urban (orange) and naturally vegetated (green) BMUS recorded in this 
study. Comparisons are provided across all urban versus naturally vegetated 
BMUS in a). and b). and for individual BMUS in c). and d). Statistical 
signficance (p value) is indicated in the top right-hand corner. 
There were no statistically significant differences in water temperature between the 
catchment types (F= 0.51, d.f. = 1, 18.01, p>0.05) with the mean water temperature 
of the urban swamps being 10.5°C and 11.85°C for the non-urban swamps (Table 4; 
Figure 24). The minimum water temperature of 6.2°C was recorded at non-urban 
Lawson (on the 21/06/2018) and the maximum of 24.7°C was recorded at non-urban 
Mount Hay (on the 13/04/2018). However, the maximum temperature at Mount Hay 
was recorded in a shallow rock pool (due to dry conditions) which may have 
impacted results. 
Turbidity was not observed to significantly differ between catchment types (F= 2.92, 
d.f. = 1, 20, p>0.05), despite urban swamps (mean 13.52 NTU) exhibiting 4.5 times 
higher turbidity compared to the naturally vegetated (mean 3.00 NTU) catchments 
(Figure 24). This difference was largely driven by high turbidity levels observed at 
Bullaburra on the 21st June 2018, where the maximum turbidity was 88.50 NTU 
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(Appendix 2; Table A4). Mount Hay exhibited the highest turbidity for the non-urban 
swamps, with mean turbidity from the first sampling event of 10.97 NTU. 
 
Figure 24. Mean (+/- SE) water temperature and turbidity in urban (orange) 
and naturally vegetated (green) BMUS recorded in this study. Comparisons are 
provided across all urban versus naturally vegetated BMUS in a). and b). and 
for individual BMUS in c). and d). Statistical signficance (p value) is indicated in 
the top right-hand corner.  
3.1.2 Water ionic composition 
3.1.2.1 Cations and anions 
Water collected from the urban swamp catchments exhibited differences in ionic 
composition, concentration and presence of all major ions assessed compared to the 
naturally vegetated swamps (Table 5; Appendix 2; Table A6-A7). The observed 
trends were reflective of findings from 2017, where concentrations of all major ions 
were significantly elevated in the urban swamp catchments (Appendix 1; Table A2).  
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Table 5. Summary of water chemistry results between BMUS catchment types 
from the three sampling events (April – June 2018), including major cations and 
anions. Significance is indicated as *= p<0.05, **= p< 0.01, ***= p<0.001 and 
ns=not significant. BD refers to attribute being below detection limits, d.f. 
denotes the degrees of freedom (numerator, denominator) and – indicates that 
statistical analysis was not required for the attribute. 
 
   
Urban BMUS Catchments 
Naturally Vegetated 
BMUS Catchments 
Major Ions F 
statistic d.f. 
p 
value 
Range Mean Median Range Mean Median 
Calcium  
(Dissolved mg/L) 61.72 1, 42 
0.000 
*** 
2.10-
20.00 
10.90 12.00 
BD -
1.30 
0.55 0.25 
Potassium  
(Dissolved mg/L) 24.29 1, 42 
0.000 
*** 
BD-
2.80 
1.29 0.90 BD BD BD 
Sodium  
(Dissolved mg/L) 16.54 1, 
40.25 
0.000 
*** 
4.80-
13.00 
8.19 7.55 
4.00-
7.40 
5.87 6.00 
Magnesium  
(Dissolved mg/L) 46.74 1, 
40.39 
0.000 
*** 
0.60-
1.90 
1.23 1.20 
BD-
0.80 
0.54 0.70 
Bicarbonate 
Alkalinity as  
CaCO3  
(Dissolved mg/L) 
42.86 1. 
40.35 
0.000 
*** 
5.00-
56.00 
25.67 22.50 BD BD BD 
Sulfate  
(Dissolved mg/L) 6.73 
1, 
40.17 
0.013 
* 
BD-
11.00 
4.46 3.00 
BD-
6.00 
2.40 1.00 
Chloride 
(Dissolved mg/L) 16.69 1, 42 
0.000 
*** 
6.00-
36.00 
16.74 14.00 
6.00-
11.00 
8.62 9.00 
Calculated Ionic 
Strength - - - 
0.0005
-
0.0020 
0.0015 0.0016 
0.0002
-
0.0006 
0.0004 0.0004 
Ratio Ca:HCO3
- 
- - - 
0.75:1 
– 
1.4:1 
1:1 0.95:1 
0.3:1 
– 1:1 
1:2 0.3:1 
 
Urban swamps had significantly elevated Ca2+ levels compared to the naturally 
vegetated BMUS (F= 61.72, d.f. = 1, 42, p<0.001). Levels of Ca2+ were below 
detection in the naturally vegetated swamp catchments for each sampling event 
(Table 5; Appendix 2; Table A7). The exception was naturally vegetated Kings 
Tableland BMUS, where a small amount of Ca2+ was detected from each sampling 
event with a mean of 1.23mg/L (Figure 25). Conversely, mean Ca2+ concentrations 
observed in the urban swamps (10.90mg/L) were 19.82 times higher compared to the 
non-urban swamps (mean 0.55mg/L). The highest Ca2+ levels were observed in 
Bullaburra BMUS, with a mean of 17.29mg/L. Wentworth Falls BMUS had lower 
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levels of Ca2+ compared to the other urban swamps, with a mean of 2.34mg/L 
(Appendix 2; Table A6). 
HCO3
- was below detection in all naturally vegetated swamps at each of the sampling 
events, however, was present in significantly higher quantities in the urban swamps 
(mean of 25.67mg/L; F= 42.86, d.f. = 1, 40.35, p<0.001). Concentrations of HCO3
- 
ranged from 5.00-56.00mg/L in the urban swamp catchments (Table 5). HCO3
- levels 
were highest at Bullaburra (mean 46.17mg/L), followed by Popes Glen (mean 
31.17mg/L; Figure 25). The lowest mean HCO3
- concentration in an urban swamp 
was observed at Wentworth Falls (7.50mg/L). The ratio of Ca:HCO3
- was 1:2 in 
naturally vegetated swamps and 1:1 in urban swamps (Table 5). This ratio 
demonstrates that an excess of Ca2+ may exist in the urbanised swamps, along with 
higher HCO3
-, relative to the naturally vegetated swamps. This suggests increased 
likelihood of precipitation of CaCO3 phases in the urban sediment (as per reaction 
1.2).   
 
Figure 25. Mean (+/- SE) concentrations of calcium and bicarbonate in water in 
urban (orange) and naturally vegetated (green) BMUS recorded in this study. 
Comparisons are provided across all urban versus naturally vegetated BMUS in 
a). and b). and for individual BMUS in c). and d). Statistical signficance (p 
value) is indicated in the top right-hand corner.  
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K+ differed significantly between the two catchment types (F= 24.29, d.f. = 1,42, 
p<0.001), being below detection in all non-urban swamps, whereas in the urban 
swamps mean K+ concentrations were 1.29mg/L (Figure 26). Within the urban 
samples, K+ concentrations ranged from below detection to 2.80mg/L. Bullaburra 
exhibited the highest K+ concentrations (mean 2.44mg/L), whereas Wentworth Falls 
had the lowest K+ levels for the urban swamps (mean 0.26mg/L).  
Mg2+ concentrations differed significantly between the catchment types (F= 46.74, 
d.f. = 1, 40.39, p<0.001). Within the non-urban swamps, mean Mg2+ was 0.54mg/L, 
however Mg2+ levels were below detection at Mount Hay and Hat Hill. Higher levels 
of Mg2+ were detected at all urban swamps (mean 1.23mg/L; Figure 26), with 
Bullaburra exhibiting the highest Mg2+ concentration (mean 1.73mg/L). 
Urban BMUS catchments had significantly higher SO4
2- concentrations compared to 
the non-urban swamps (F= 6.73, d.f. = 1, 40.17, p<0.001; Figure 26). Mean SO4
2-
 
concentrations in the urban swamps were 4.41mg/L, compared to the naturally 
vegetated swamps which had a mean of 2.05mg/L. The highest recorded levels of 
SO4
2-
 were at Bullaburra (mean 9.29mg/L), and it was not detected at Hat Hill 
BMUS.  
 
Figure 26. Mean (+/- SE) potassium, magnesium and sulfate concentrations in 
water in urban (orange) and naturally vegetated (green) BMUS recorded in this 
study. Comparisons are provided across all urban versus naturally vegetated 
BMUS in a), b) and c).  and for individual BMUS in d), e) and f). Statistical 
signficance (p value) is indicated in the top right-hand corner.  
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Na2+ was naturally present at all sites, however, was significantly higher within the 
urban catchments (F=16.54, d.f. = 1, 40.25, p<0.001; Figure 27). Urban swamps had 
mean Na2+ concentrations of 8.19mg/L, which was 1.40 times higher than the non-
urban swamps (mean 5.87mg/L). However, the range of Na2+ levels in the naturally 
vegetated swamps (4.00-7.40mg/L) was smaller than that of the urban swamps 
(range of 4.80-13.00mg/L). Na2+ levels were highest at North Lawson (mean 
12.33mg/L) and lowest at Hat Hill (mean 4.37mg/L). 
Cl- was also present at all sites, however, was significantly higher in the urban 
catchments (F= 16.69, d.f. = 1, 42, p<0.001; Figure 27). Mean Cl- levels in the urban 
swamps (16.74mg/L) were 1.94 times higher than the naturally vegetated swamps 
(mean 8.62mg/L). North Lawson BMUS exhibited the highest mean Cl- levels 
(30.67mg/L). Conversely, the lowest Cl- concentration was recorded at Mount Hay 
BMUS (6.50mg/L).   
 
Figure 27. Mean (+/- SE) water sodium and chloride concentrations in urban 
(orange) and naturally vegetated (green) BMUS recorded in this study. 
Comparisons are provided across all urban versus naturally vegetated BMUS in 
a). and b). and for individual BMUS in c). and d). Statistical signficance (p 
value) is indicated in the top right-hand corner.  
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Ionic strength was greater in the urban swamp catchments (mean 0.0015 M) 
compared to the naturally vegetated catchments (mean 0.0004 M; Table 5). IS was 
highest at urban Bullaburra (0.0020 M) and lowest at naturally vegetated Hat Hill 
(0.0002 M). Urban Wentworth Falls BMUS exhibited similar IS to the naturally 
vegetated catchments (0.0005 M). When compared with EC, the R2 value is close to 
1 (at 0.91), which indicates that there is a strong correlation between IS and EC 
(Figure 28a). When calcium alone (converted to Moles) was compared with EC, a 
strong correlation was still present (R2=0.82; Figure 28b). This highlights how 
calcium is contributing to the overall EC and ionic strength.   
 
Figure 28. Electrical conductivity compared to a). ionic strength (Moles; M) and 
b). calcium (M). Urban catchments are indicated by squares and naturally 
vegetated catchments by circles. Sites are indicated as Bullaburra (red), 
Wentworth Falls (black), North Lawson (dark blue), Popes Glen (light green), 
Mount Hay (light blue), Hat Hill (pink), Lawson (dark green) and Kings 
Tableland (orange). The R2 values and trendlines are also included.  
A comparison of the mean ionic signature of water between catchment types 
indicated that the naturally vegetated, non-urban catchments were dominated by 
sodium and chloride (Figure 29). However, the dominant ions within the urban 
swamps showed a shift to calcium and bicarbonate. The urban swamps also had 
higher proportions of each ion tested and greater overall presence of major ions. This 
trend is consistent to that observed in the September 2017 study, where Na2+ and Cl- 
were the only ions detected in naturally vegetated swamps, however the urban 
swamps demonstrated the presence of Ca2+, K+, HCO3
- and SO4
2-. Unlike 2017, small 
quantities of Ca2+, Mg2+ and SO4
2-
 were detected in the non-urban swamps in the 
2018 sampling events; however, the levels were much lower than observed in the 
urban swamps. 
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Figure 29. Comparison of the mean (+/- SE) ionic signature of water in urban 
(n=4) and naturally vegetated (n=4) BMUS catchments from April to June 2018, 
including a). cations and b). anions, with findings from September 2017 
including c). cations and d). anions from urban (n=2) and naturally vegetated 
(n=2) BMUS.  
3.1.2.2 Metals  
Urban swamp catchments exhibited statistically significant differences in 
concentrations of Sr2+, Ba2+, Mn2+ and Fe3+ (Table 6). This was similar to the results 
obtained from September 2017, where findings also indicated that Sr2+ and Ba2+ were 
significantly elevated in water from the urban swamp catchments (Appendix 1; Table 
A3). Concentrations of other metals were observed to vary between individual 
swamp catchments, however, did not differ significantly between catchments types 
(Appendix 2; Tables A8-A11; Figures A2-A4). For example, Bullaburra had the 
highest number of metals present, with 14 out of the 16 metals tested being detected, 
which included metals that were either not present at detectable concentrations or 
only detected in small quantities at other sites (however were not statistically 
significant), including Ni2+, Cr2+, Co2+, Pb2+, AsO3
- and AsO4
3-, Li+ and Ti4+ 
(Appendix 2; Table A12). 
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Table 6. Summary of metals in water between urban (n=4) and naturally 
vegetated (n=4) BMUS catchment types (mean from the three sampling events). 
Significance is indicated as *= p<0.05, **= p< 0.01, ***= p<0.001 and ns=not 
significant. BD indicates that the metal was below detection and d.f. denotes the 
degrees of freedom (numerator, denominator). NA refers to not applicable as 
the attribute was not detected in either catchment type. 
 
 
 
 
Urban BMUS Catchments Naturally Vegetated BMUS 
Catchments 
Metals  F statistic d.f. p value Range Mean Median Range Mean Median 
Aluminium 
(Total µg/L) 
0.06 1, 
40.14 
0.81 (ns) 
BD-
1200.00 
214.44 70.00 
80.00-
290.00 
159.55 120.00 
Manganese  
(Total µg/L) 7.57 1, 42 
0.009** 
BD-
260.00 
68.93 17.00 
BD-
31.00 
9.95 9.00 
Iron  
(Total µg/L) 15.40 1, 42 
0.00*** 
250.00-
7100.00 
2288.15 1300.00 
58.00-
630.00 
281.73 270.00 
Nickel  
(Total µg/L) 
1.73 1, 
40.13 
0.20 (ns) BD-1.00 0.56 0.50 BD BD BD 
Zinc  
(Total µg/L 
2.63 
1, 42 
0.11 (ns) 
BD-
25.00 
8.70 6.00 
BD-
34.00 
13.14 6.50 
Barium  
(Total µg/L) 
27.73 
1, 42 0.00*** 
3.00-
36.00 
18.63 18.00 
4.00-
9.00 
5.77 5.00 
Cadmium  
(Total µg/L) 
0.47 
1, 42 0.50 (ns) 
BD-
48.00 
3.64 0.30 
BD-
22.00 
1.93 0.35 
Chromium  
(Total µg/L) 
1.73 1, 
40.13 
0.20 (ns) 
BD-2.00 0.67 0.50 BD BD BD 
Lead  
(Total µg/L) 0.74 
1, 
40.14 
0.40 (ns) BD-8.00 1.37 0.50 BD-2.00 0.75 0.50 
Molybdenum  
(Total µg/L) NA NA NA BD BD BD BD BD BD 
Uranium  
(Total µg/L) NA NA NA BD BD BD BD BD BD 
Strontium  
(Total µg/L) 55.84 
1, 
40.41 
0.00 *** 
11.00-
75.00 
37.26 38.00 
1.40-
7.90 
3.85 2.65 
Cobalt  
(Total µg/L) 1.73 
1, 
40.13 
0.20 (ns) BD-2.00 0.67 0.50 BD BD BD 
Arsenic  
(Total µg/L) 1.73 
1, 
40.13 
0.20 (ns) BD-3.00 0.78 0.50 BD BD BD 
Lithium  
(Total µg/L) 2.04 
1, 
40.25 
0.16 (ns) BD-1.00 0.54 0.50 BD BD BD 
Titanium  
(Total µg/L) 
2.30 
1, 
40.11 
0.14 (ns) 
BD-
12.00 
1.96 0.50 BD-1.70 0.62 0.50 
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Sr2+ was significantly elevated in water from the urban swamp catchments (F= 
55.84, d.f. = 1, 40.41, p<0.001; Table 6). Mean concentrations of Sr2+ in the urban 
swamps (37.26µg/L) were 9.68 times higher than that of the naturally vegetated 
swamps (mean 3.85µg/L; Figure 30). Mean concentrations of Sr2+ in the non-urban 
swamps ranged from 1.60µg/L to 7.47µg/L, which did not overlap with the mean 
range of the urban swamps (12.43-61.71µg/L; Appendix 2; Table A10-A11). Sr2+ 
was highest at Bullaburra (mean 61.71 µg/L), followed by Popes Glen (mean 
42.57µg/L). Wentworth Falls exhibited lower Sr2+ levels than the other urban sites 
(mean 12.43µg/L). The lowest Sr2+ levels were observed at Hat Hill (mean 
1.60µg/L). 
Urban swamps had significantly higher levels of Ba2+ compared to the non-urban 
swamps (F=27.73, d.f. = 1, 42, p<0.001). Urban BMUS (mean 18.63µg/L) had 3.23 
times higher Ba2+ levels compared to the non-urban swamps (mean 5.77µg/L; Figure 
30). The highest mean Ba2+ concentration was at Bullaburra BMUS (mean 
27.43µg/L) and the lowest was at Mount Hay (mean 4.00µg/L). However, 
Wentworth Falls exhibited Ba2+ levels more similar to the non-urban swamps than 
the urban catchments, with a mean Ba2+ concentration of 4.29µg/L.  
 
Figure 30. Mean (+/- SE) concentrations of strontium and barium in water in 
urban (orange) and naturally vegetated (green) BMUS recorded in this study. 
Comparisons are provided across all urban versus naturally vegetated BMUS in 
a). and b). and for individual BMUS in c). and d). Statistical signficance (p 
value) is indicated in the top right-hand corner.  
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Mn2+ was significantly higher within the urban compared to the naturally vegetated 
swamps (F=7.57, d.f. = 1, 42, p<0.01). Within the urban swamps, mean Mn2+ 
concentrations were 68.93µg/L, compared to 9.73µg/L in the non-urban catchments 
(Figure 31). Popes Glen BMUS had the highest mean Mn2+ concentration 
(126.00µg/L), and the lowest was recorded at Mount Hay (4.00µg/L). Wentworth 
Falls exhibited Mn2+ levels that were more similar to the non-urban catchments 
(mean 8.71µg/L). 
Iron (Fe3+ dominates Fe2+ in oxygenated conditions, hereby iron is denoted as Fe3+) 
was one of the most abundant elements detected across all sites, however, was 
significantly higher in the urban swamps (F= 15.40, d.f. = 1, 42, p<0.001). There was 
more than an eight-fold difference in Fe3+ concentrations between urban (mean 
2288.10µg/L) and naturally vegetated (mean 281.73µg/L) catchments (Figure 31). 
Fe3+ was lowest at Lawson BMUS (mean 126.86µg/L) and highest at Bullaburra 
(mean 3264.30µg/L). However, there was greater variability in Fe3+ concentrations 
within the urban catchments.  
 
Figure 31. Mean (+/- SE) manganese and iron concentrations in water in urban 
(orange) and naturally vegetated (green) BMUS recorded in this study. 
Comparisons are provided across all urban versus naturally vegetated BMUS in 
a). and b). and for individual BMUS in c). and d). Statistical signficance (p 
value) is indicated in the top right-hand corner.  
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Findings suggest that the metal signature of the urban BMUS differs to naturally 
vegetated catchments due to a greater abundance of specific metals in the urban 
catchments. This was particularly evident for the metals that were significantly 
higher in the urban swamps, including Sr2+, Ba2+, Mn2+ and Fe3+ (Figure 32). 
 
Figure 32. Comparison of mean (+/- SE) concentrations of statistically 
significant metals in water between urban (n=4) and naturally vegetated (n=4) 
BMUS catchments over the course of the study.  
3.1.3 Percentage catchment imperviousness and the chemical composition of 
water  
Urban swamps exhibited a higher percentage of impervious surfaces within the 
catchment compared to the naturally vegetated swamps (see Table 3). Analysis of 
impervious cover compared to water chemistry revealed that as percentage 
impervious area increases, there is an overall increasing trend of key ions and metals. 
There was a clear division between catchment types when comparing pH with 
percentage impervious cover, with the highest pH observed at the sites with the 
greatest impervious cover (Figure 33). EC was more variable, with Wentworth Falls 
showing trends more similar to the naturally vegetated swamps despite having higher 
imperviousness. Overall, there was a decreasing trend between DO and increasing 
cover of impervious surfaces.  
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Figure 33. Comparison of percentage catchment imperviousness (IA%) with 
mean water physiochemical properties per swamp (n=8). a). pH, b). EC, c). DO 
(mg/L) and d). DO (%).  Urban BMUS are indicated using squares, including 
Bullaburra (BUL; red), Wentworth Falls (WF; black), North Lawson (NLAW; 
dark blue) and Popes Glen (PG; light green). Naturally vegetated BMUS are 
shown using circles, including Mount Hay (MH; light blue), Hat Hill (HH; 
pink), Lawson (LAW; dark green) and Kings Tableland (KT; orange). 
Higher concentrations of ions were associated with increasing imperviousness, with 
the urban sites exhibiting greater concentrations of major ions tested including Ca2+, 
HCO3
- and K+ (Figure 34). Bullaburra exhibited the highest concentrations of Ca2+, 
K+, Mg2+, HCO3
- and SO4
2-, however did not have the highest impervious cover 
(25.03%), which was observed at Popes Glen (34.30%; Figure 34-35). Conversely, 
urban Wentworth Falls BMUS exhibited levels of major ions in water that were more 
reflective of the non-urban catchments.  
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Figure 34. Comparison of percentage catchment imperviousness (IA%) with 
mean concentrations of major ions per swamp (n=8), including a). calcium, b). 
bicarbonate and c). potassium. Urban BMUS are indicated using squares, 
including Bullaburra (BUL; red), Wentworth Falls (WF; black), North Lawson 
(NLAW; dark blue) and Popes Glen (PG; light green). Naturally vegetated 
BMUS are shown using circles, including Mount Hay (MH; light blue), Hat Hill 
(HH; pink), Lawson (LAW; dark green) and Kings Tableland (KT; orange). 
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Figure 35. Comparison of percentage catchment imperviousness (IA%) with 
mean concentrations of major ions per swamp (n=8), including a). sodium, b). 
magnesium, c). sulfate and d). chloride. Urban BMUS are indicated using 
squares, including Bullaburra (BUL; red), Wentworth Falls (WF; black), North 
Lawson (NLAW; dark blue) and Popes Glen (PG; light green). Naturally 
vegetated BMUS are shown using circles, including Mount Hay (MH; light 
blue), Hat Hill (HH; pink), Lawson (LAW; dark green) and Kings Tableland 
(KT; orange). 
Concentrations of metals were highest at the sites with the highest imperviousness. 
This was particularly evident at Bullaburra and Popes Glen which had the highest 
impervious cover (Figure 6). Whilst there was clear division between catchment 
types for Sr2+ and Fe3+, urban Wentworth Falls and North Lawson exhibited metal 
concentrations more similar to the non-urban swamps for Ba2+ and Mn2+. 
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Figure 36. Comparison of percentage catchment imperviousness (IA%) with 
mean concentrations of metals per swamp (n=8). a). Strontium, b). Barium, c). 
Iron and d). Manganese. Urban BMUS are indicated using squares, including 
Bullaburra (BUL; red), Wentworth Falls (WF; black), North Lawson (NLAW; 
dark blue) and Popes Glen (PG; light green). Naturally vegetated BMUS are 
shown using circles, including Mount Hay (MH; light blue), Hat Hill (HH; 
pink), Lawson (LAW; dark green) and Kings Tableland (KT; orange). 
Water chemistry was observed to differ between the urban and the naturally 
vegetated BMUS catchments.  Urban swamps exhibited elevated pH, ionic strength, 
concentrations of all major ions and several metals (including Sr2+, Mn2+, Ba2+ and 
Fe3+). There was a distinct shift from Na2+ and Cl- dominated in the naturally 
vegetated BMUS catchments, to Ca2+ and HCO3
- dominated in the urban swamp 
catchments. As impervious area increased in the urban catchments, there was a clear 
trend of increasing concentrations of ions and metals in water. However, there was 
more variability in water chemistry between the four urban BMUS catchments 
compared to the naturally vegetated catchments.  
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3.2 Sediment 
3.2.1 Physical and chemical characterisation of sediment  
Sediment cores were collected from each site to assess the physical and chemical 
properties of sediment across different depths and between catchment types. The 
sediment cores collected from each of the eight sites can be broadly classified as 
having a peat/organic rich layer of 5cm to 10cm in depth that overlays clay or sandy-
clay (Figure 37). The peat/organic layers contained variable amounts of dark black 
(10YR 2/1) material primarily as decomposed detrital materials, mixed with more 
structured brown root material (5YR 3/2), which combines to the reported 10YR 2/2 
for the majority of samples at 0-10cm depths. Below this organic-rich layer, each 
core (except for the Hat Hill core which lost the clay layer during sample extraction 
due to suction) contained a dark brown (7.5YR 3/2) to black (10YR 2/1) fine clay 
layer with variable amounts of coarse, unsorted sand grains (up to 5%). There was 
limited evidence of redoximorphic features within the clay layers, which were field 
moist at the time of sampling but were not saturated.  
There was no clear difference in pH and Eh between the catchment types (Figure 37; 
Appendix 3; Table A13). The pH of the surface layer ranged from 5 to 6 pH units for 
the majority of cores, which is in line with the anticipated pH of water at equilibrium 
with atmospheric CO2 and humic acid. The exception was surface sediment from 
naturally vegetated Hat Hill BMUS, which was slightly more acidic at 4.31 pH units. 
Conversely, the urban sites at Lawson and Bullaburra had surface pH that was 
approaching neutral at 6.4 and 6.96 pH units respectively. The mean pH of surface 
sediment for urban BMUS was 5.84 pH units and naturally vegetated swamps had a 
mean of 5.16 pH units. All sediment cores generally exhibited a decrease in pH 
(increasing acidity) between the organic/peat rich surface materials and clay layer at 
depths (excluding Hat Hill where no clay layer was collected). The Eh results also 
showed a decreasing trend with depth, with the highest readings within the surface 
layers and the lowest readings at depth. The mixing and exposure to atmospheric 
conditions within the surface layers is evident and persists through the peat layers 
that readily allow mixing with surface water. At depth the permeability is lower due 
to the clay (and to a lesser extent sandy-clay), which would not readily facilitate 
mixing with oxygenated surface water conditions.  
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Figure 37. Summary of Redox (mV; indicated in green) and pH (pH units; indicated in blue) data for sediment cores from urban 
BMUS a). Bullaburra, b). Wentworth Falls, c). North Lawson, d). Popes Glen, and naturally vegetated BMUS catchments e). 
Mount Hay, f). Hat Hill, g). Lawson and h). Kings Tableland. Horizons are indicated by red dotted lines and descriptive data on 
colours per layer are identified. 
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3.2.2 Mineralogy 
A comparison of surface sediment samples from each of the BMUS sites utilising the 
XRD showed differences in dominant minerals between the urban and naturally 
vegetated catchment types. Surface samples (top 3-5cm) of the cores for all sites 
showed a mix of quartz, organics, and trace amounts of aluminosilicate materials. 
Multiple peaks throughout all samples show a high crystallinity quartz, which is 
indicative of the Hawkesbury sandstone geology which is dominant within the study 
area where all sites were located.  
The urban sites exhibited the presence of other small peaks that were not present in 
any of the non-urban samples (Figure 38). Results suggested the presence of 
Ca(OH)2 in the surface sediment of two of the urban swamps, Bullaburra and Popes 
Glen, which was not present in any of the naturally vegetated swamps. This was 
particularly evident at 18 degrees 2θ and 71.5 degrees 2θ (reference XRD scans for 
Ca(OH)2 and CaCO3 standards can be found in Appendix 3; Figure A5-A6). 
However, the peaks for Ca(OH)2 were not clearly visible in the other two urban 
swamps (North Lawson and Wentworth Falls). There was also no clear evidence of 
CaCO3 in surface sediment from either catchment type (Figure 38-39; see also 
Appendix 3; Figure A7-A8). It cannot be concluded that CaCO3 was not present (at a 
very low amount), due to the high crystallinity quartz in each sample, as this may 
have masked the presence of other elements and mineral structures. 
Surface samples from the naturally vegetated catchments did not exhibit any 
presence of Ca(OH)2 or CaCO3. Instead, all samples from the naturally vegetated 
BMUS were dominated by aluminosilicate materials (clay) and quartz (Figure 39). 
The spectra also remained consistent between the four natural sites.   
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Figure 38. XRD spectra for surface sediment samples (0-5cm) from urban (n=4) 
BMUS catchments (from 5-80 degrees 2θ). Swamp sites are indicated as 
Bullaburra (BUL; red), Wentworth Falls (WF; black), North Lawson (NLAW; 
dark blue) and Popes Glen (PG; light green). The y axis refers to the count rate 
and key peaks, including quartz (Q), aluminosilicate (A) and calcium hydroxide 
(CH) are labelled.  
 
Figure 39. XRD spectra for surface sediment samples (0-5cm) from naturally 
vegetated (n=4) BMUS catchments (from 5-80 degrees 2θ). Swamp sites are 
indicated as Mount Hay (MH; light blue), Hat Hill (HH; pink), Lawson (LAW; 
dark green) and Kings Tableland (KT; orange). The y axis refers to the count 
rate and key peaks, including quartz (Q) and aluminosilicate (A) are labelled. 
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All cores were also investigated at multiple depths to determine any variations in 
mineralogy. Cores from all sites exhibited differences between layers and depths (see 
Appendix 3; Figures A9-A11). The surface layer contained more organic matter, 
resulting in the XRD samples being more amorphous, and quartz remained the 
dominant structure detected across all sites. 
Two urban swamps, Bullaburra and Popes Glen, exhibited the presence of Ca(OH)2 
in the surface sediment. A comparison of each of these sites at different core depths 
revealed that Ca(OH)2 was present at the positions of 18 degrees 2θ and 71.5 degrees 
2θ throughout the soil profiles. For the Bullaburra core, Ca(OH)2 exhibited the 
largest peak in the surface layer (3cm) and this decreased with depth (Figure 40). 
However, this trend was reversed in the Popes Glen core, with the largest peak for 
Ca(OH)2 observed in the deepest layer (19cm) and decreasing in the higher layers 
(Figure 41).  
 
Figure 40. XRD spectra for sediment samples from the core collected from 
urban Bullaburra BMUS, where samples were collected at a depth of 3cm (red), 
10cm (green) and 15cm (blue). Key peaks associated with the presence of 
calcium hydroxide (Ca(OH)2) are indicated, including at a). 18 degrees 2θ and 
b). 71.5 degrees 2θ. The y axis refers to the count rate. See Appendix 3; Figure 
A5 for the spectra of the calcium hydroxide standard used.  
73 
 
 
Figure 41. XRD spectra for sediment samples from the core collected from 
urban Popes Glen BMUS, where samples were collected at a depth of 3cm (light 
green), 10cm (blue) and 19cm (red). Key peaks associated with the presence of 
calcium hydroxide (Ca(OH)2) are indicated, including at a). 18 degrees 2θ and 
b). 71.5 degrees 2θ. The y axis refers to the count rate. See Appendix 3; Figure 
A5 for the spectra of the calcium hydroxide standard used. 
The Saturation Index (SI) for CaCO3 in the naturally vegetated swamps had a mean 
of 10-6.4 for all sites (Table 7). SI indicates whether a mineral will dissolve (negative 
values), form a precipitate (positive values) or be at equilibrium (value of zero). This 
low value observed in naturally vegetated BMUS suggests that CaCO3 is unlikely to 
be present as a precipitate in the sediment profile. However, the urban sites had 
higher and more variable CaCO3 SI values. Bullaburra (at 10
-1.69) and Popes Glen 
(10-2.88) had values approaching equilibrium for CaCO3, suggesting that CaCO3 
precipitation is more likely. North Lawson (10-3.23) and Wentworth Falls (10-4.66) also 
exhibited higher SI values compared to the naturally vegetated swamps, however to a 
lesser extent than Bullaburra and Popes Glen. Wentworth Falls did not appear to be 
as impacted as the other urban sites, with an SI value that was closer to those of the 
naturally vegetated catchments. The SI for Ca(OH)2 exhibited low values for all 
sites, which suggests the Ca(OH)2 is not thermodynamically favoured, however 
values were slightly higher in the urban catchments (mean of 10-15 compared to 10-
18.7 in the naturally vegetated catchments).  
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Table 7. Saturation Index (SI) in log for calcite (CaCO3) and portlandite 
(Ca(OH)2) in water from urban (n=4) and naturally vegetated (n=4) BMUS 
catchments.  
Swamp Location Catchment Type 
Log Saturation Index (SI) 
Calcite 
(CaCO3) 
Portlandite 
(Ca(OH)2) 
Bullaburra Urban -1.69 -12.94 
Wentworth Falls Urban -4.66 -16.70 
North Lawson Urban -3.23 -15.28 
Popes Glen Urban -2.88 -15.13 
Mount Hay Naturally vegetated -6.46 -17.89 
Hat Hill Naturally vegetated -6.57 -18.83 
Lawson Naturally vegetated -6.38 -19.17 
Kings Tableland Naturally vegetated -6.20 -19.02 
 
3.2.3 Total elemental analysis of sediment by acid digestion and water extraction  
Surface sediment samples (to a depth of 10cm) from two urban (Bullaburra and 
North Lawson) and two naturally vegetated BMUS catchments (Mount Hay and Hat 
Hill) were assessed using acid digestion and water extraction methods and total 
elemental analysis was undertaken. Findings supported the data obtained from the 
mineralogical work, with higher concentrations of Ca2+ in the urban samples, which 
also corresponds with the findings from the water data (see 3.1.2.1).  
The urban swamp sediment had altered elemental composition compared to the 
naturally vegetated BMUS (Figure 42; Table 8). Ca2+ and HCO3
- were the dominant 
ions in sediment from the urban catchments. Ca2+ concentrations in urban sediment 
(mean 2848.18mg/kg) was 14.61 times higher than the naturally vegetated swamps 
(mean 194.91mg/kg), which was statistically significant (U= 11.50, p<0.01). 
Alternatively, Cl- was almost twice as high in the naturally vegetated BMUS 
catchments (mean 167.90mg/kg) compared to the urban swamps (mean 85.00mg/kg; 
U= 24.50, p<0.05). Levels of K+ remained similar between catchment types (urban 
mean of 326.36mg/kg and naturally vegetated mean of 371.82mg/kg).  
75 
 
 
Figure 42. Mean (+/- SE) chemical composition of surface sediment from acid 
digestion and water extraction analyses conducted in September 2017 from 
urban (n=2) and naturally vegetated (n=2) BMUS (with 5 spatial replicates per 
swamp) for a). Major cations and b). Major anions per catchment type. 
Differences in composition between swamps are shown by c). Major cations and 
d). major anions per site.  
Although HCO3
- was observed to be three times higher in the urban swamp sediment 
(mean 1633.64mg/kg), this difference was not statistically significant. Trends in 
sediment data did not reflect the same significant differences in terms of ions in 
water, except for Ca2+. There was variability between swamp locations, with urban 
Bullaburra exhibiting the highest concentrations of major ions in sediment. There 
were also differences in elemental composition of the naturally vegetated swamps, 
with Hat Hill containing higher concentrations of ions compared to Mount Hay. 
However, concentrations of major ions, particularly Ca2+ and HCO3
-, remained 
greater in the urban swamp sediment. 
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Table 8. Summary of sediment elemental composition results from acid digestion and water extraction analyses conducted in 
September 2017, assessing major ions in surface sediment in urban (n=2) and naturally vegetated (n=2) BMUS. Significance is 
indicated as *= p<0.05, **= p<0.01 and ns = not significant. 
     Urban BMUS Catchments 
Naturally Vegetated BMUS 
Catchments 
   
Urban 
BMUS 
Catchments 
Naturally 
Vegetated 
BMUS 
Catchments 
Bullaburra 
North 
Lawson 
Mount Hay Hat Hill 
Major Ions 
U 
statistic 
p 
value 
Range 
(Mean) 
Range (Mean) Range (Mean) 
Range 
(Mean) 
Range 
(Mean) 
Range 
(Mean) 
Calcium 
(mg/kg) 
11.50 
<0.01 
** 
60-8200 
(2848) 
30-530 (195) 
1500-3400 
(2683) 
60-8200 
(3046) 
30-110 (56) 180-530 (362) 
Potassium 
(mg/kg) 
53.00 
0.65 
(ns) 
60-940 (326) 60-970 (372) 60-230 (180) 170-940 (502) 60-160 (100) 400-970 (698) 
Magnesium 
(mg/kg) 
34.00 
0.09 
(ns) 
85-1100 
(442) 
58-720 (258) 85-470 (356) 
140-1100 
(546) 
58-120 (76) 180-720 (478) 
Sodium 
(mg/kg) 
60.00 
1.00 
(ns) 
20-260 (225) 40-800 (240) 20-80 (55) 50-1100 (428) 40-130 (60) 180-800 (456) 
Chloride 
(mg/kg) 
24.50 
<0.05 
* 
20-260 (85) 76-450 (168) 23-84 (51) 20-260 (113) 79-250 (125) 
76-450 
(211.20) 
Sulfate 
(mg/kg) 
51.00 
0.81 
(ns) 
22-720 (164) 25-410 (114) 22-110 (66) 24-730 (245) 25-86 (53) 
27-410 
(175.40) 
Bicarbonate 
(mg/kg) 
32.00 
0.11 
(ns) 
320-3400 
(1634) 
200-1200 (600) 
780-2500 
(1654) 
200- 4400 
(1617) 
200-420 (258) 900-120 (942) 
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3.2.4 SEM and EDS analysis of sediment elemental composition 
Further detailed investigation was undertaken to assess the elemental composition of 
sediment from each of the layers within the cores collected across all sites. The SEM 
images demonstrated that surface layers of sediment for each swamp were 
predominantly comprised of organic materials, such as leaf matter and roots. In the 
lower layers, coarse sand grains and fine clay sediments were more prevalent. The 
EDS analysis revealed that the elemental composition of sediment from the urban 
swamps differed to that of the non-urban swamps. Corresponding with the sediment 
classification (section 3.2.1) and mineralogical characterisation (section 3.2.2), 
elemental analysis confirmed the presence of organic rich materials, quartz (as coarse 
grain sand) and aluminosilicate (as fine clay). The source of silicon in the analysis 
can be from quartz, geological materials (such as feldspars) and clay mineralogy, 
therefore the notation of quartz/aluminosilicate was used to avoid confusion.  
The concentration of calcium was a key differing factor between the catchment 
types. When comparing across surface samples, there was little to no observable Ca2+ 
peak within the non-urban swamp samples (Figure 43). The exception was Kings 
Tableland BMUS, which registered trace amounts of Ca2+ in the sediment, however 
this was consistent with water chemistry (see section 3.1.2.1), where it was the only 
non-urban site to detect Ca2+ in the water. Conversely, urban sediment samples (all 
layers and depths) indicated the presence of Ca2+ peaks (Figure 44). This correlates 
with the findings of the XRD analysis that Ca2+ was present, suggesting that the Ca2+ 
is in the form of Ca(OH)2 in the Bullaburra and Popes Glen samples.  
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Figure 43. SEM images of surface sediment from naturally vegetated BMUS at 
40 times magnification. Elemental analysis (EDS) was conducted at three 
locations (indicated by red squares) for each sample. The image of the KT 5cm 
sample was taken at 60 times magnification. The corresponding EDS spectra for 
each scan (S1= red, S2= blue, S3= brown) are presented on the right. Sites are 
identified as Bullaburra (BUL), Wentworth Falls (WF), North Lawson (NLAW) 
and Popes Glen (PG), and depth of collection is shown. 
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Figure 44. SEM images of surface sediment from urban BMUS at 40 times 
magnification. Elemental analysis (EDS) was conducted at three locations 
(indicated by red squares) for each sample. Three scans were conducted for the 
NLAW 5cm sample, however only two are identified as the third spot analysed 
was outside of the field of view of the image. The corresponding EDS spectra for 
each scan (S1= red, S2= blue, S3= brown) are presented on the right. Sites are 
identified as Bullaburra (BUL), Wentworth Falls (WF), North Lawson (NLAW) 
and Popes Glen (PG), and depth of collection is shown. 
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There was also variability between depth layers at each sample site (see Appendix 3; 
Figures A12-A17). For example, the surface samples (ranging from 3-5cm) exhibited 
higher Ca2+ peaks and this decreased with depth. This was particularly evident across 
the layers in the two urban cores of interest, Bullaburra and Popes Glen. For the 
Bullaburra core, Ca2+ was highest at 3cm and decreased with depth (Figure 45). This 
trend was also present in the Popes Glen EDS results, with the Ca2+ peak highest 
within the surface sediment (3cm; Figure 46), however this contrasts with the XRD 
results where Ca(OH)2 was highest in the lowest layer of the core (19cm). However, 
Ca2+ may have been present in another form (such as CaCO3) or at low levels that 
were not able to be clearly detected using XRD due to the dominance of the quartz. 
Naturally vegetated BMUS swamp catchments also demonstrated low counts of 
sulfur (S2-), Cl-, Mg2+, K+, Ti4+ and variable iron levels. However, peaks of these 
elements appeared to be more prominent in the urban samples.  
Samples from surface sediment collected from the urban and naturally vegetated 
BMUS catchments exhibited similar trends for all analyses conducted. Urban 
swamps sediment had elevated concentrations of major ions, particularly Ca2+ in the 
form of lime (Ca(OH)2). This was particularly evident at two urban sites, Bullaburra 
and Popes Glen. However, variations did occur by depth and between sites.  
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Figure 45. SEM images of sediment from urban Bullaburra (BUL) BMUS at 40 
times magnification. Samples were analysed by depth of distinct layers, which 
included at the surface layer of peat (3cm), clay (10cm) and clayey sand (15cm). 
Elemental analysis (EDS) was conducted at three locations (indicated by red 
squares) for each sample. For the BUL 15cm sample, three scans were 
conducted however only one (S1) is identified as the other two scans analysed 
were outside of the field of view of the image. The corresponding EDS spectra 
for each scan (S1= red, S2= blue, S3= brown) are presented on the right.  
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Figure 46. SEM images of sediment from urban Popes Glen (PG) BMUS. 
Samples were analysed by depth of distinct layers, which included at the surface 
layer of peat (3cm), clay (10cm) and sandy clay (19cm). Elemental analysis 
(EDS) was conducted at three locations (indicated by red squares) for each 
sample. The magnification differs between images (PG 3cm = 40x, PG 10cm = 
50x and PG 19cm = 55x). The corresponding EDS spectra for each scan (S1= 
red, S2= blue, S3= brown) are presented on the right.  
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3.3 Foliage  
3.3.1 Total elemental analysis of foliage from native and exotic species by acid 
digestion and water extraction 
Results from the acid digest and water extract of foliage collected from two urban 
(Bullaburra and North Lawson) and two naturally vegetated swamp catchments 
(Mount Hay and Hat Hill) matched with trends exhibited from the water and 
sediment data (see section 3.1 and 3.2), with elevated concentrations of Ca2+, HCO3
- 
and K+ (Table 9). 
Table 9. Summary of elemental composition of foliage (including native (n=15) 
and exotic (n=3) species) from urban (n=2) and naturally vegetated (n=2) BMUS 
in September 2017. Exotic species were only present at urban Bullaburra 
BMUS at the time of sampling. Significance is indicated as *=p<0.05, **=p<0.01 
and ns= not significant. Values were rounded to the nearest whole number and 
BD refers to below detection limits. 
   Urban BMUS 
Catchments 
Naturally Vegetated 
BMUS Catchments 
Major Ions U 
statistic 
p 
value 
Range (Mean) Range (Mean) 
Calcium (mg/kg) 8.00 <0.01 
** 
2900-26000 (8550) 900-5100 (2743) 
Potassium 
(mg/kg) 
6.00 <0.01 
** 
3400-59000 (17740) 1700-4500 (3129) 
Magnesium 
(mg/kg) 
32.00 0.81 490-2100 (1255) 750-1900 (1321) 
Sodium (mg/kg) 14.00 <0.05 
* 
110-3300 (1243) 1400-3000 (2286) 
Chloride (mg/kg) 29.50 0.60 190-19000 (9372) 470-5000 (2881) 
Sulfate (mg/kg) 20.00 0.16 190-8100 (3170) 440-2100 (1251) 
Bicarbonate 
(mg/kg) 
13.50 <0.05 
* 
510-14000 (5521) BD-3400 (1034) 
 
Foliage from urban BMUS catchments (including native (n=6) and exotic (n=3) 
species) had significantly modified elemental composition compared to the native 
species (n=6) from the non-urban catchments (Figure 47). K+ was significantly 
higher in the foliage from the urban swamps (mean 17740.00mg/L), being six times 
greater than concentrations in the non-urban swamps (mean 3128.57mg/kg; U= 6.00, 
p<0.01). Urban swamps also had statistically greater Ca2+ concentrations in foliage 
tissue (mean 8550.00mg/kg) compared to foliage from the non-urban swamps (mean 
2742.86mg/kg; U= 8.00, p<0.01). HCO3
- was significantly higher in urban swamps 
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(mean 5521.00mg/kg) compared to the naturally vegetated catchments (mean 
1034.29mg/kg; U= 13.50, p<0.05). Conversely, Na2+ levels in foliage tissue were 
twice as high in non-urban swamps (mean 2285.71mg/kg) compared to the urban 
swamps (mean 1243.00mg/kg), which was statistically significant (U= 14.00, 
p<0.05).  
 
Figure 47. Mean (+/- SE) chemical composition of foliage between BMUS 
catchment types. Urban is comprised of three native species per swamp (where 
n=2) and three exotic species from Bullaburra BMUS, and naturally vegetated 
BMUS includes three native species per swamp (n=2).  
Differences in the elemental composition of foliage tissue were largely driven by the 
exotic species collected from urban Bullaburra BMUS, which had elevated 
concentrations of Ca2+, K+, HCO3
- and Cl- compared to the native species from both 
the urban and non-urban catchments (Figure 48). However, the native species from 
the urban catchments exhibited higher Ca2+ and HCO3
- levels compared to the 
foliage from native species in the non-urban catchments.  
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Figure 48. Mean (+/- SE) chemical composition of foliage compared with 
catchment type and species origin, including exotic (n=3) species collected from 
urban Bullaburra (Urban Exotic), native species (n=6) collected from the two 
urban BMUS (Urban Native) and native species (n=6) collected from the two 
non-urban BMUS catchments (Non-urban Native). Exotic species were only 
present at urban Bullaburra BMUS at the time of sampling. 
Analysis of the chemical composition of foliage tissue of L. juniperinum (a native 
species common to all sites) identified that, within the same species, foliage 
chemistry differed between individual swamps and also appeared to vary between 
catchment types (Table 10; Figure 49). Ca2+ was higher in the foliage from the urban 
catchments (mean 7850mg/kg) which was 1.70 times greater than the L. juniperinum 
foliage from the non-urban catchments (mean 4625mg/kg). K+ and HCO3
- (referred 
to in Table 10 as soluble alkalinity as CaCO3) were also slightly higher in the L. 
juniperinum foliage from the urban compared to the non-urban catchments, however 
further research is required due to the small sample size. 
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Table 10. Elemental composition of L. juniperinum (Prickly Tea Tree) for each 
site and within urban (n=2) and naturally vegetated (n=2) BMUS catchments in 
September 2017.  
 
Urban BMUS 
Catchments 
Naturally Vegetated 
BMUS Catchments 
Mean L. 
juniperinum 
from Urban 
Catchments 
Mean L. 
juniperinum from 
Naturally 
Vegetated 
Catchments 
Attributes Bullaburra 
North 
Lawson 
Mount 
Hay 
Hat Hill 
Calcium  
(mg/kg) 
8400 7300 5050 4200 7850 4625 
Potassium  
(mg/kg) 
4500 3400 2600 2900 3950 2750 
Magnesium  
(mg/kg) 
840 960 1500 1900 900 1700 
Sodium  
(mg/kg) 
1200 1000 1850 1400 1100 1625 
Chloride  
(mg/kg) 
1900 190 1300 1900 1045 1600 
Sulfate  
(mg/kg) 
1100 190 730 1300 645 1015 
Soluble 
Alkalinity as 
CaCO3 (mg/kg) 
1100 510 0 640 805 320 
 
 
Figure 49. Mean (+/- SE) elemental composition of native species L. juniperinum 
(Prickly Tea Tree) from BMUS urban and non-urban catchments, including a). 
major cations and b). major anions for each catchment type, and c). major 
cations and d). major anions per swamp.  
Foliage collected from the urban swamp catchments exhibited elevated 
concentrations of Ca2+, HCO3
- and K+, whereas Na2+ was higher in the native foliage 
from the non-urban catchments. However, there was variability between exotic and 
native species and between individual swamp catchments. 
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4. Discussion 
This study found that there are suspected urban impacts across water, sediment and 
foliage within a fragile freshwater ecosystem, which was in line with the proposed 
hypotheses. Urban catchments exhibited altered ionic composition and strength of 
water, and variations in the elemental composition of sediment and foliage. Water in 
urban swamps demonstrated elevated pH, EC, concentrations of major ions 
(particularly Ca2+ and HCO3
-) and metals (including Sr2+, Ba2+, Mn2+ and Fe3+) 
compared to the naturally vegetated BMUS catchments. Sediment from urban swamp 
catchments exhibited a greater presence of calcium, (particularly in the form of 
Ca(OH)2), compared to non-urban sites. Foliage from vegetation within urban 
BMUS was also observed to have higher concentrations of major ions (including 
Ca2+, HCO3
- and K+) compared to foliage from non-urban catchments.  
Findings from this current study identified that urban BMUS exhibit characteristics 
of USS and the typical UGS (Paul & Meyer 2001; Chambers et al. 2016; Kaushal et 
al. 2017; Moore et al. 2017; Kaushal et al. 2018). Catchment urbanisation remains a 
global scale issue, the effects of which can permeate through the ecosystem into the 
water, soil and biotic species, and alter natural geochemical cycles. Key components 
of the urban fingerprint, including pH, Ca2+, HCO3
-, K+ and Sr2+, were present in 
urban water, sediment and foliage, yet were not present or significantly lower in non-
urban swamp catchments. In conjunction with patterns of previous evidence (such as 
Davies et al. 2010a; Wright et al. 2011; Chambers et al. 2016; Grella et al. 2016; 
Kaushal et al. 2017; Moore et al. 2017), findings strongly suggest that urban 
development and impervious surfaces such as concrete remain a potential source of 
contamination within freshwater systems that may be contributing to the presence of 
this UGS. 
To the best of our knowledge, this is the first study to investigate links between 
catchment urbanisation and the elemental composition of water, sediment and foliage 
within a sensitive freshwater environment. This highlights the need to enhance 
knowledge of the ecological implications of urban geochemistry within fragile 
ecosystems. BMUS are highly acidic with poorly buffered water, sandstone 
dominated geology that lacks karst features and experience varying levels of 
catchment urbanisation across their distribution. This provides a model system to 
enhance understanding of how fragile freshwater systems may be impacted by 
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urbanisation and offers a framework or point of comparison to assess similar fragile 
aquatic environments across the globe. BMUS remain a State and Federally listed 
EEC that is at risk of being degraded due to urban impacts (DEE 2005; Fryirs, 
Freidman & Kohlhagen 2012; Fryirs et al. 2014a; Belmer, Wright & Tippler 2015; 
DEE 2018), which highlights the importance of better understanding functioning of 
these ecosystems to guide the development of targeted management practices.  
4.1 Water in urban catchments exhibits altered pH, ionic composition and 
strength 
Findings from this study observed that water collected from urbanised BMUS 
catchments exhibited altered ionic composition, strength and pH compared to water 
from naturally vegetated catchments, which was consistent with hypothesis one 
(Urban BMUS will exhibit modified water chemistry compared to naturally 
vegetated BMUS catchments). Water from the non-urban BMUS was observed to be 
naturally dilute and dominated by sodium and chloride, which is consistent with 
previous research (Belmer, Wright & Tippler 2015). This is reflective of the natural 
geology of the Blue Mountains region, which is dominated by sandstone and is 
nutrient poor (Keith & Benson 1988; Holland, Benson & McRae 1992; 
Commonwealth of Australia 2014). However, the ionic composition of water from 
urban BMUS showed a distinct shift towards being calcium and bicarbonate 
dominated (similar to Belmer 2015; Belmer, Wright & Tippler 2015). In addition, 
concentrations of all other major ions tested were elevated in urban BMUS, which 
contrasts with natural conditions (Belmer, Wright & Tippler 2015). The order of 
cation dominance of naturally vegetated BMUS was Na2+>Mg2+>Ca2+, and K+ was 
below detection limits. In comparison, the urban BMUS cation dominance was 
Ca2+>Na2+>Mg2+>K+. The order of anion dominance of non-urban BMUS in the 
current study was Cl->SO4
2-, with HCO3
- being below detection limits, compared to 
HCO3
->Cl->SO4
2- in urban BMUS. Water in the urban swamp catchments also 
exhibited an increase in ionic strength, a characteristic which has also been observed 
in urban waterways in the US (Kaushal et al. 2017).   
This alteration of the chemical environment within urban ecosystems is characteristic 
of numerous studies, particularly within the US, that have identified a shift in the 
ionic composition of urban freshwater systems that tends towards calcium and 
bicarbonate dominance, in addition to elevated levels of K+, Mg2+, Na2+, Cl- and 
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SO4
2- (Wright et al. 2011; Connor et al. 2014; Chambers et al. 2016; Kaushal et al. 
2017; Moore et al. 2017; Kaushal et al. 2018). For example, Kaushal et al. (2017) 
observed a correlation between increasing impervious cover and urban land use, and 
higher concentrations of Ca2+, Mg2+, SO4
2- and elevated pH in urban waterways. The 
occurrence of a shift towards the dominance of calcium and bicarbonate in urban 
waterways has also been documented in the greater Sydney region in NSW, which 
experiences similar geology to BMUS (Wright et al. 2011; Tippler, Wright & Hanlon 
2012; Tippler et al. 2014). 
The elemental composition of an ecosystem can be impacted by natural factors, such 
as weathering of geology, precipitation and aeolian deposition (Gibbs 1970; 
Witherow et al. 2006; Cannon & Horton 2009; Brahney et al. 2013; Mäkilä et al. 
2015). However, these impacts do not account for the magnitude of change 
experienced in urban ecosystems. Urban factors such as the weathering of 
impervious surfaces (including concrete), stormwater runoff, wastewater, sewage and 
de-icing salts can alter the uptake, mobility and availability of elements (Kaushal et 
al. 2005; Grimm et al. 2008; Wenger et al. 2009; Pickett et al. 2011; Wright et al. 
2011; Duan & Kaushal 2015; Herbert et al. 2015; Kaushal et al. 2017; Moore et al. 
2017; Kaushal et al. 2018). Due to the low probability of de-icers being used in the 
moderate climate of the Blue Mountains region and no evident point sources of 
sewage or wastewater observed within the studied BMUS catchments, findings 
suggest that stormwater, urban runoff and the weathering of concrete and impervious 
surfaces may play a role in modifying the natural ionic composition of BMUS 
(Wright et al. 2011; Tippler, Wright & Hanlon 2012; Tippler et al. 2014; Belmer, 
Wright & Tippler 2015). 
Calcium was a key element that was elevated in urban water, compared to naturally 
vegetated catchments where it was below detection limits. This is consistent with 
increasing evidence of elevated calcium in urban ecosystems identified by previous 
research, within Australia (Davies et al. 2010a; Wright et al. 2011; Tippler, Wright & 
Hanlon 2012; Tippler et al. 2014) and the US (Kaushal et al. 2013; Halstead et al. 
2014; Kaushal, McDowell & Wollheim 2014; Stets, Kelly & Crawford 2014; 
Kaushal et al. 2017; Moore et al. 2017). A key source of calcium inputs into urban 
ecosystems has been identified as the weathering of concrete materials (Gérard, Le 
Bellego & Bernard 2002; Davies et al. 2010a; Wright et al. 2011, Tippler et al. 2014, 
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Kaushal, McDowell & Wollheim 2014; Grella et al. 2016; Kaushal et al. 2017; 
Moore et al. 2017; see section 4.5).  
However, whilst urban BMUS exhibited significantly elevated calcium relative to the 
non-urban catchments, levels recorded were much lower compared to research 
conducted in other urban environments, for example in the US (Kaushal et al. 2017; 
Moore et al. 2017; Figure 50). This occurs as BMUS are poorly buffered with 
sandstone dominated geology, however this trend can also be seen more broadly 
across south-eastern Australia (see Tippler, Wright & Hanlon 2012; Tippler et al. 
2014).  The reported low ionic strength of naturally vegetated BMUS sites means 
that even small changes to the ionic composition may have large scale ramifications 
within these ecosystems. This is one reason why BMUS sites are fragile to 
modification. In addition, the Blue Mountains catchments assessed as part of this 
current study were reflective of low-density residential areas, which is contrary to 
other more highly developed regions studied across the US (Connor et al. 2014; 
Kaushal et al. 2017).  
 
Figure 50. Comparison of calcium in water and percentage catchment 
impervious between; a). the current BMUS study, where the mean for naturally 
vegetated sites with 0% IA (including Mount Hay, Hat Hill and Lawson) is 
indicated, Kings Tableland (naturally vegetated BMUS) is shown at 0.2% IA, 
and the urban catchments are indicated as Wentworth Falls (black), North 
Lawson (dark blue), Bullaburra (red) and Popes Glen (light green). The y axis 
has been adjusted relative to that of the other studies shown. b). Research 
conducted at the Baltimore Long Term Ecological Research (LTER) site, USA 
(Kaushal et al. 2017). c). Research from the Maryland Piedmont region, USA 
(Moore et al. 2017).  
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Urban BMUS were observed to exhibit elevated pH compared to the naturally 
vegetated catchments. pH represents a key ‘gateway’ factor that influences the 
mobility, bioavailability and toxicity of ions, nutrients and metals in the 
environment, which in turn impacts the functioning of biotic species (Conway 2007). 
Water in BMUS are naturally acidic (between 4-5 pH units; Belmer, Wright & 
Tippler 2015), which can occur due to interactions with CO2 in the atmosphere, the 
presence of humic and fulvic acids, and sandstone dominated geology that has low 
buffering capacity (McKnight et al. 1985). However, urban inputs (such as 
stormwater and the weathering of urban materials including concrete) can increase 
concentrations of hydroxide (OH-) and bicarbonate, increasing total alkalinity in 
BMUS (Wright et al. 2011). The trend of elevated pH in urban ecosystems has been 
frequently observed by local and international studies (Paul & Meyer 2001; Meyer, 
Paul & Taulbee 2005; Walsh et al. 2005; Conway 2007; Wright et al. 2011; Tippler, 
Wright & Hanlon 2012; Kaushal et al. 2013; Tippler et al. 2014; Belmer, Wright & 
Tippler 2015; Kaushal et al. 2017; Moore et al. 2017). For example, river alkalisation 
has been identified as a major issue in the US, whereby pH can increase from close 
to neutral (6-7 pH units) to between 7-8 pH units in urban waterways (Kaushal et al. 
2013; Kaushal et al. 2017; Moore et al. 2017; Kaushal et al. 2018).  
However, the naturally acidic nature of BMUS makes these ecosystems unique, as 
many other regions studied in previous research have naturally higher pH and 
buffering capacity (however see Conway 2007). Whilst urban BMUS are not 
becoming alkalised to the same extent as other regions, such as urban streams in the 
US (Kaushal et al. 2013), a major issue of concern is the magnitude of change. pH in 
urban BMUS was 1.33 pH units higher than non-urban swamps, which indicates a 
more than tenfold difference in hydrogen (H+) activity (as pH is measured using a 
logarithmic scale) between catchment types. This degree of change can have 
significant implications for the environment, as modification of pH can influence the 
mobility of other ions (Johnson et al. eds. 2011) and additionally have ecological 
implications for biotic species, such as being linked with weed invasions or altered 
community composition (Grella, Renshaw & Wright 2018).  
The oxygenated surface waters of the urban BMUS exhibited higher levels of several 
elements, including Sr2+, Ba2+, Mn2+ and Fe3+, compared to the naturally vegetated 
BMUS catchments. Elevated metal concentrations have previously been identified in 
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water and sediment within urban areas when compared to non-urban areas (Pouyat & 
McDonnell 1991; Thornton 1991; Rose 2007; Peters 2009; Bain, Yesilonis & Pouyat 
2012; Connor et al. 2014). However, this study is the first, to our knowledge, to 
investigate metal concentrations within urban and naturally vegetated BMUS. The 
surface water in naturally vegetated swamps was dominated by five metals; 
Fe3+>Al3+>Mn2+> Zn2+>Ba2+ (in descending order of median concentrations). In 
comparison, the water in urban swamps was dominated by 
Fe3+>Al3+>Sr2+>Ba2+>Mn2+.  The dominant concentrations of iron, aluminium and 
manganese in BMUS were typical of waterways in undisturbed catchments in the 
Blue Mountains and reflect the influence of the sandstone geology (Price & Wright 
2016) and ultimately the role of pH in regulating metal mobility. Elevated strontium 
levels have previously been observed in water from urbanised catchments and have 
been particularly associated with the weathering of concrete materials (Graham, 
Goguel & St John 2000; Christian, Banner & Mack 2011; Müllauer, Beddoe & Heinz 
2015; Vollpracht & Brameshuber 2016). The mean concentration of strontium in the 
urban swamp waters was more than ten times higher than was measured in swamps 
in naturally vegetated catchments. This trend shares some similarity to the highly 
elevated concentration of strontium detected in streams in urban catchments of 
Georgia, USA (Rose 2007).   
pH is a key factor which can influence the solubility of metals in water (Vedagiri & 
Ehrenfeld 1992). Urban BMUS had a mean dissolved oxygen content of 5.77mg/L 
and 51.52% and increased Fe3+ concentrations (particularly at Bullaburra and Popes 
Glen), despite exhibiting significantly higher pH values compared to non-urban 
catchments. The precipitation of iron (along with manganese) should limit aqueous 
concentrations of the free ion Fe3+. Hogan & Walbridge (2007) suggest that 
increasing catchment urbanisation is associated with an increase in precipitated iron 
due to deposition and sedimentation from urban areas. This contrasts to previous 
research that has indicated that iron levels in water can increase under more acidic 
conditions. For example, Wright, Paciuszkiewicz & Belmer (2018) found increasing 
iron concentrations in mildly acidic mine drainage. This indicates that further 
research is required to determine what factors are influencing the solubility and 
mobility of metals such iron within BMUS systems, particularly the role of organic 
ligands.  
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Nutrient enrichment and eutrophication are characteristic of USS, and previous 
research has identified a strong correlation between increasing cover of impervious 
surfaces and elevated nitrogen and phosphorus concentrations (Cullen 1986; Paul & 
Meyer 2001; Hatt et al. 2004; Meyer, Paul & Taulbee 2005; Walsh et al. 2005; 
Hogan & Walbridge 2007; Wenger et al. 2009; Tippler, Wright & Hanlon 2012; 
Moore et al. 2017). However, concentrations of nitrogen and phosphorus in water 
(measured as nitrates and reactive phosphates) in this current study were not 
observed to differ between the urban and naturally vegetated BMUS catchment 
types. These findings contrast previous research conducted in urban ecosystems in 
the surrounding Sydney region (Leishman, Hughes & Gore 2004; Tippler, Wright & 
Hanlon 2012), in Australia (Hatt et al. 2004) and in the US (Hogan & Walbridge 
2007; Kaushal et al. 2017; Moore et al. 2017). There is currently, to the best of our 
knowledge, limited comparative data available regarding nutrient concentrations in 
BMUS. Water quality in the Blue Mountains is naturally low in nutrients; however 
nitrogen and phosphorus can be elevated in streams in highly urbanised catchments, 
such as Leura Falls Creek (BMCC 2017; BMCC 2018 pers. comm. 28 September). 
Nutrient enrichment (including total nitrogen (TN) and total phosphorus (TP)) of 
streams has also been associated with sewage discharge in this region, such as within 
Hat Hill Creek (Wright & Burgin 2009). This raises questions as to why this 
difference in nutrient levels was not detected within urbanised BMUS.  
The similarity in concentrations of nitrogen and phosphorus between urban and non-
urban BMUS sites poses a point of difference compared to research in other urban 
catchments around the world (Paul & Meyer 2001; Hatt et al. 2004; Leishman, 
Hughes & Gore 2004; Hogan & Walbridge 2007; Kaushal et al. 2017; Moore et al. 
2017). This suggests the potential for a new hypothesis to be developed within the 
Blue Mountains region, for example USS without nitrogen and phosphorus as key 
driving factors. Instead, elemental composition (particularly Ca2+, HCO3
- and Sr+), 
along with pH and ionic strength, appear to be key factors that are driving differences 
between catchment types. It is advised that further research be conducted on nutrient 
concentrations (incorporating nitrates and reactive phosphates in addition to other 
forms) in BMUS, including in water, sediment and foliage tissue, to better 
understand how nutrients are being cycled through these fragile ecosystems. 
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4.2 Calcite and lime regulate calcium mobility in urban ecosystems  
At the sediment-water interface, the sediment acts as a key sink and extensive 
research has examined the legacy of urbanisation on sediment (such as in streams 
and wetlands), particularly in Europe (see Johnson et al. eds. 2011). This is reflected 
in the findings from BMUS, as the sediment from urbanised catchments exhibited 
altered elemental composition compared to the naturally vegetated catchments. This 
was consistent with hypothesis two (Sediment chemical composition in urban BMUS 
will differ to naturally vegetated catchments due to higher ionic strength surface 
water). In this study, the collected sediment cores can be characterised broadly as 
having a layer of up to 10cm of organic matter (or peat) overlying layers of fine clay 
sediments containing varying amounts of sand grains to depths of 50cm. The 
presence of sand is reflective of the underlying sandstone geology, and this 
classification is consistent with that of Freidman & Fryirs (2014) and Fryirs, 
Farebrother & Hose (2018). pH and Eh are properties that can influence the mobility 
of elements in sediment (Thornton 1991). The Eh measurements for each core were 
also consistent with the literature, reflecting the dominance of oxygen at the surface 
and lower Eh with depth indicating a depletion of oxygen (Green & Brock 1994; 
Seybold et al. 2002). pH showed a general trend of mildly acidic pH values at the 
surface and decreased with depth (which contrasts with findings of Seybold et al. 
(2002)), however there was variability across the sediment profile for each BMUS 
site. The organic-rich layers at the surface-water interface act to buffer changes in the 
water chemistry, and the findings from the SEM-EDS and acid digestion analyses 
revealed that calcium was more prevalent in the sediment within the urbanised 
swamp catchments suggesting that the sediment is a sink for calcium.  
BMUS are poorly buffered freshwater ecosystems with naturally low levels of 
calcium and bicarbonate due to the dominant sandstone geology, contributions from 
rainfall, and decomposition of organic materials (to form organic acids) over 
extended timeframes. Findings from this study suggest that catchment urbanisation 
and urban runoff over impervious surfaces probably contribute to elevating the pH 
and inputs of major ions, particularly Ca2+ and HCO3
- into urban aquatic ecosystems 
(Davies et al. 2010a; Grella et al. 2016; Grella, Renshaw & Wright 2018; Wright et 
al. 2018). Increased inputs of Ca2+ and HCO3
- in urban catchments alters equilibrium 
state and promotes CaCO3 precipitation (as per Reaction 4.3). Reaction 4.3 has a Ksp 
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of 10-8.5 (Table 1) and an equilibrium pH of 9.9 (Wright et al. 2018). Alternatively, 
when the pH is higher this can provide a pathway for Ca(OH)2 precipitation to occur, 
however this typically occurs at much higher pH ranges than reported in this work 
(Reaction 4.4). Reaction 4.4 has a Ksp of 10
-5.2 (Table 1) and an equilibrium pH of 
12.5 (Wright et al. 2018). The unusual occurrence of Ca(OH)2 was identified by the 
XRD data with trace amounts of Ca(OH)2 detected in two urban swamps, Bullaburra 
and Popes Glen (which is in line with hypothesis three; Urban BMUS sediments will 
exhibit altered mineralogy relative to naturally vegetated BMUS). It is important to 
note that Ca(OH)2 is metastable in waters in equilibrium with atmospheric CO2 and 
ultimately CaCO3 will be formed (Reaction 4.5).  
Ca2+ + HCO3
- = CaCO3 + H
+     [4.3] 
Ca2+ + 2OH- = Ca(OH)2    [4.4] 
Ca(OH)2 + CO2 → CaCO3      [4.5] 
These reactions are mediated by acidity, alkalinity and the partial pressure of CO2, 
and there were differences in the pH of BMUS sediment between catchment types. 
This was particularly the case for the surface sediment, with sediment from naturally 
vegetated BMUS being more acidic (mean 5.2 pH units) than the urban swamps 
(mean 5.8 pH units). The pH of sediment in the Blue Mountains region is naturally 
acidic, between approximately 4.5 – 5 pH units (Chalson & Martin 2009), which 
highlights the influence of CO2 equilibrium with rainfall (and surface waters), along 
with the humic and fulvic acid generating potential of organic decomposition 
(McKnight et al. 1985). The difference in pH between sediments of urban and 
naturally vegetated swamps was not as large as that exhibited in the water, which is 
indicative of the buffering capacity of sediment (James 2005).  
Detailed SEM analysis with EDS indicates that calcium was present in urban swamp 
sediment at all depths, however was not as abundant or not present at all in the non-
urban swamps. Concentrations of calcium were highest in the surface layer samples 
and decreased with depth in the sediment profile. The findings of differences in 
calcium concentrations in sediment between urban and non-urban swamps, along 
with variations in calcium by depth, suggest that calcium is not being sourced from 
groundwater, but rather is coming from surface inputs, which could include urban 
runoff (Kaushal et al. 2017; Moore et al. 2017). This was supported by the results of 
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the mineralogical investigation, where trace levels of Ca(OH)2 were only observed to 
be present in urban BMUS (Bullaburra and Popes Glen).  
Analysis of sediment elemental composition within urban riparian and terrestrial 
ecosystems across the globe demonstrated similar trends, suggesting a higher 
presence of elements, including Ca2+, Mg2+, K+ and Na2+ in sediment from urban 
riparian ecosystems compared to non-urban sediment (King & Buckney 2002; 
Cannon & Horton 2009; Bain, Yesilonis & Pouyat 2012; Grella, Renshaw & Wright 
2018). In particular, Grella, Renshaw & Wright (2018) observed an increase in 
calcium concentrations of over 2000 times in urban (classified as >18% IA) riparian 
sediment (mean 1184.96mg/kg) compared to non-urban (<5% IA) catchments (mean 
0.56mg/kg) in the Georges River catchment, NSW. King & Buckney (2002) also 
observed that calcium concentrations were higher in urban riparian sediment (mean 
838.3mg/kg) compared to non-urban areas (mean 205.8mg/kg) in northern Sydney. 
This trend of elevated calcium in sediment is consistent with international research 
that has observed an increase in calcium concentrations in surface riparian sediment 
with increasing urbanisation (Cannon & Horton 2009; Bain, Yesilonis & Pouyat 
2012) and in closer proximity to urban development, such as roads (Barbosa et al. 
2010). The accumulation of major ions, such as calcium, appears to be occurring in 
sediment in urbanised catchments, including urban BMUS, however there is limited 
information available regarding what the ecological implications of this calcium sink 
may be for the biotic community.  
4.3 The potential for increased uptake of elements in plant foliage within 
urban catchments 
Foliage tissue from exotic and native vegetation collected from the urban swamp 
catchments exhibited higher concentrations of Ca2+, HCO3
- and K+ compared to 
foliage collected from native species in the non-urban swamp catchments. This 
remains consistent across the findings from the water and sediment (however K+ was 
not observed to significantly differ between catchments types in the sediment). This 
suggests that the greater availability and mobility of key ions in water and sediment 
in urban ecosystems may enhance uptake into plants. Nutrient availability, including 
calcium, bicarbonate, and potassium, is recognised as influencing the vegetation 
community by promoting plant growth and influencing community composition 
(King & Buckney 2002; Leishman, Hughes & Gore 2004; Thomson & Leishman 
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2004; Maathius 2009; Grella, Renshaw & Wright 2018), and these nutrients are also 
typically elevated in urban ecosystems and associated with stormwater runoff (Paul 
& Meyer 2001; Walsh et al. 2005; Kaushal et al. 2017). Findings suggest the 
potential for foliage chemistry to differ in urban ecosystems, which supports 
hypothesis four (Foliage tissue chemistry will differ between urban BMUS 
catchments relative to sites with naturally vegetated catchments), however further 
research is required to investigate this link. 
Calcium and bicarbonate were significantly elevated in the foliage from urbanised 
catchments. In particular, exotic species exhibited the highest levels of calcium and 
bicarbonate. There were also differences between a common native species at each 
site (L. juniperinum) as calcium and bicarbonate were higher in the foliage in this 
species from the urban catchments. Calcium is a second-tier nutrient required by 
biotic species (after nitrogen, phosphorus and potassium), and it is important for 
stomatal regulation and plays role in maintaining cell wall structures (Maathius 
2009). However, the consequences of elevated aqueous Ca2+ for vegetation in urban 
wetlands remain unclear. Research has identified that high aqueous Ca2+ 
concentrations can have varied effects on plant species, for example by altering 
interactions with other nutrients (Shaul 2002; Farhat et al. 2015), enhancing toxicity 
and negatively affecting germination and growth (White & Broadley 2003) and 
reducing the effects of salinity (Bonilla, El-Hamdaoui & Bolaños 2004). 
Furthermore, there is limited information available regarding the effect of elevated 
bicarbonate levels on plants. Previous research conducted on crop species suggests 
that elevated bicarbonate may results in deficiencies of other nutrients (such as iron 
and zinc) and adversely affect root growth (Alhendawi et al. 1997). However, there 
is a lack of comparative data, particularly within poorly buffered environments and 
for native species, assessing how the biotic community may be impacted by elevated 
calcium and bicarbonate concentrations in urban aquatic ecosystems. Further 
research is required to determine the biological implications of increased calcium and 
bicarbonate availability in urbanised catchments on vegetation within BMUS, 
including responses of both native and exotic species.  
Vegetation from urbanised catchments exhibited significantly elevated K+ in the 
foliage tissue. Potassium is an essential primary nutrient that is required for plant 
growth and development (Tripler et al. 2006; Maathius 2009) and it is suggested to 
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be the most abundant cation present in plant tissue (Schachtman & Schroeder 1994). 
The significant difference in potassium in foliage tissue between urban and non-
urban catchment types may be due to differences in natural accumulation and plant 
requirements between the species examined. This is consistent with research 
conducted by Wang & Moore (2014), which suggests that concentrations of major 
nutrients, including potassium, can differ between species and functional types. 
Findings from this current study also indicated that the large difference in potassium 
between catchments types was largely driven by high potassium levels in the exotic 
species collected from urban Bullaburra BMUS, particularly Verbena incompta. This 
highlights the need to further investigate how different species utilise key nutrients 
and whether elevated potassium in urban ecosystems provides a competitive 
advantage to exotic species or alternatively poses a disadvantage to native species. 
Key factors that are commonly associated with catchment urbanisation, weed 
invasions and the alteration of community composition are elevated nitrogen and 
phosphorus concentrations (Ash 1991; Verhoeven & Schmitz 1991; Hatt et al. 2004; 
Leishman, Hughes & Gore 2004; Thomson & Leishman 2004; Leishman & 
Thomson 2005; Meyer, Paul & Taulbee 2005; Walsh et al. 2005; Wenger et al. 
2009). For example, previous research conducted by Thomson & Leishman (2004) 
observed that elevated phosphorus due to stormwater enrichment was a key driver of 
community composition, and native species experienced increased mortality when 
sediment phosphorus was greater than 200mg/kg. Contrary to wider research, in the 
current study there was no significant difference in nitrogen and phosphorus levels 
(tested as nitrates and reactive phosphates) between BMUS catchment types. This 
suggests that nitrogen and phosphorus may not be a dominant factor influencing 
differences in the vegetation community between catchment types within BMUS. 
However, nitrogen and phosphorus were not tested in urban BMUS sediment or 
foliage tissue. These unique systems offer the chance to investigate what other 
factors may be driving changes to the vegetation community, including other 
nutrients (such as K+, Ca2+, HCO3
-, Mg2+, Cl-, Na2+ and SO4
2-) and sources that may 
contribute these nutrients (such as urban runoff from concrete surfaces). Further 
research, including analysis of nitrogen and phosphorus, a larger sample size and 
further investigation of the traits of species, nutrient requirements and biological 
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pathways for nutrient utilisation, is required to obtain further data to identify how 
uptake of nutrients by plants may differ in urban ecosystems. 
4.4 Conceptual model of geochemistry in BMUS 
Urbanisation is suggested to alter geochemical cycling, for example due to 
disturbance and inputs of nutrients into natural environments (Bain, Hale & 
Wollhelm 2012). However, there is currently limited knowledge of how catchment 
urbanisation may be modifying natural geochemical cycles within BMUS 
ecosystems. This is also reflective of current knowledge of the chemical composition 
of fragile aquatic ecosystems, as research typically assesses attributes in isolation 
(e.g. water or sediment chemistry) without exploring how the modification of this 
attribute may be interacting with and impacting the wider ecosystem. This current 
study attempted to link water, sediment and foliage within BMUS to gain a better 
understanding of how catchment urbanisation can alter natural geochemistry. 
Findings suggest that catchment urbanisation is altering the mobility of elements, 
which is modifying the chemical composition of urban BMUS. Identifying how 
geochemical cycles are being altered is a key step to targeting management practices 
to minimise this impact.  
The geochemical cycle of calcium can be altered by urban inputs due to increased 
mobility (Figure 51). Calcium was identified as being elevated in urban BMUS 
water, sediment and foliage compared to the naturally vegetated swamp catchments. 
These findings offer support to hypothesis five (The geochemical cycle of calcium 
has been modified following urbanisation and this signature can be detected in 
urban BMUS sites). Sediment was a major sink of calcium in BMUS, however the 
residence time and legacy impact of elevated calcium in urban environments remains 
unclear. Calcium concentrations in foliage collected from urban catchments were 
significantly higher than foliage analysed from the non-urban catchments. This 
highlights the potential impact that urban inputs may have on uptake and the 
chemical composition of biotic species. However, the ecological implications of this 
altered chemistry remain unclear and further research is needed. The relationship 
between calcium in urban BMUS relative to naturally vegetated BMUS remained 
similar between water and sediment (approximately 20:1 and 15:1; Figure 51), 
representing a large difference in the amount of calcium between catchment types. 
However, this relationship did not extend to the vegetation, with a ratio of 
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approximately 3:1, which may be due to physiological limits of plants to uptake 
nutrients such as calcium (White & Broadley 2003). 
 
Figure 51. Conceptual model of the geochemical cycling of calcium (Ca) in 
urban and naturally vegetated BMUS. Approximate mean values of inputs 
entering the system were derived based on previous literature, using case 
studies from south eastern Australia and international studies.*Calcium in aeolian 
deposition was derived from the total salts value (500g/ha) given by Cattle, Greene & 
McPherson (2005), of which CaCO3 type was assumed to represent 5% and the mean area of 
BMUS catchments studied was estimated at 5 ha, which was converted to g/yr. 
Concrete is recognised as a very likely source of calcium in urban ecosystems, with 
previous research suggesting that water exposed to concrete (including whole, 
crushed and fine concrete) can have Ca2+ concentrations of 3.7-80.3mg/L (Davies et 
al. 2010a; Grella et al. 2016; Wright et al. 2018). It is suspected that urban inputs of 
calcium, particularly from concrete, contribute to the chemical fingerprint of urban 
ecosystems, as calcium levels were significantly higher in water in the urban BMUS 
and surface runoff is a key pathway linking urban catchments and BMUS. Other 
natural sources of calcium may include precipitation, groundwater, weathering of 
natural geology, aeolian deposition and the decomposition of organic material 
(Witherow et al. 2006; Cannon & Horton 2009; Brahney et al. 2013; Mäkilä et al. 
2015). However, the contributions of these sources are relatively small compared to 
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urban inputs and require long time periods to accumulate (Schot & Wassen 1993; 
Turner, Lambert & Knott 1996; Cattle, Greene & McPherson 2005; Aquaterra 
Consulting Pty Ltd 2011), which suggests that significant contributions may 
originate from urban sources.  
This also poses the question as to how the cycling of other elements is being 
impacted by catchment urbanisation. For example, strontium was observed to be 
significantly higher in urban water and has been previously linked with concrete 
sources (Graham, Goguel & St John 2000; Land et al. 2000; Christain, Banner & 
Mack 2011). Metals were not tested within sediment and foliage, therefore further 
research is required to determine whether strontium is elevated in the sediment and 
biotic species. This approach offers the opportunity to enhance understanding of 
alterations to geochemistry and the extent of urban impacts on natural environments.  
4.5 Factors contributing to urban geochemistry – the likely influence of 
concrete 
There has been an increasing number of published studies making associations 
between a high coverage of concrete surfaces in urban catchments and the 
modification of water chemistry (including elevated pH, major ions (such as calcium 
and bicarbonate) and metals (such as strontium and barium)). This includes research 
conducted within Australia (Wright et al. 2011; Tippler, Wright & Hanlon 2012; 
Tippler et al. 2014), the US (Barnes & Raymond 2009; Bain, Yesilonis & Pouyat 
2012; Kaushal et al. 2013; Stets, Kelly & Crawford 2014; Chambers et al. 2016; 
Kaushal et al. 2017; Moore et al. 2017) and across the globe (Graham, Goguel & St 
John 2000; Land et al. 2000; Borris et al. 2017). Based on this mounting evidence, it 
is suspected that exposure of water to concrete surfaces, such as stormwater 
infrastructure (Figure 52), is a key factor altering urban water chemistry within 
BMUS. However, this is currently still circumstantial and requires further 
investigation to better understand links between concrete leaching ions and 
contributing to modification of urban environmental geochemistry.  
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Figure 52. Stormwater infrastructure constructed at the headwaters of 
Bullaburra BMUS, including a). the structure channelling water into the swamp 
and b). the concrete stormwater pipe (Rani Carroll 4th April 2016). 
Water can have a strong and rapid reaction when exposed to concrete materials 
(Davies et al. 2010a; Grella et al. 2016). Manipulative experiments examining the 
effect of exposure of water (both flowing and still) to concrete materials (including 
circulation through stormwater pipes and contact with whole fragments, fine 
fragments and crushed concrete) have identified that concrete can modify water 
chemistry, altering the ionic composition and strength of water by leaching Ca2+ and 
HCO3
-, and elevating pH (Setunge et al. 2009; Davies et al. 2010a, Davies et al. 
2010b; Grella et al. 2016; Borris et al. 2017; Wright et al. 2018). For example, 
Wright et al. (2018) observed that when concrete fragments (with a range of surfaces 
areas) were exposed to water collected from non-urban BMUS that was naturally 
acidic and dilute, there were significant increases in pH, Ca2+ and HCO3
-. The 
occurrence of this change in water chemistry is due to carbonation reactions with 
Ca2+ (outlined by Reactions 1.1, 1.2, 4.3-4.5; Davies et al. 2010a; Davies et al. 
2010b; Setunge et al. 2009; Grella et al. 2016; Wright et al. 2018). The ratio of 
Ca2+:HCO3
- in the urban BMUS water was 1:1, compared to 1:2 the naturally 
vegetated BMUS. This is consistent with the potential influence of concrete, as 
Grella et al. (2016) and Wright et al. (2018) observed a similar Ca2+:HCO3
- ratio of 
approximately 1:1 in water exposed to concrete (using a concrete pipe and crushed 
concrete respectively). This suggests that concrete remains a potential source 
modifying the ionic signature of water, however further research is required to assess 
this association as Ca2+:HCO3
- ratios remain variable in the literature and the 
naturally vegetated BMUS differed between sites.  
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Trends of greater concentrations of ions in water exposed to concrete from 
manipulative studies have also been observed to be consistent with field conditions 
within urban catchments (Barnes & Raymond 2009; Connor et al. 2014; Tippler et al. 
2014; Kaushal et al. 2017; Moore et al. 2017). Concrete dissolution from urban areas 
and a high coverage of imperviousness is identified as a potential factor causing 
water quality alteration, including elevated calcium and bicarbonate concentrations, 
in waterways across the US (Connor et al. 2007; Kaushal et al. 2013; Kaushal et al. 
2017; Moore et al. 2017) and within Australia (Wright et al. 2011; Tippler et al. 
2014). For example, research conducted at the Baltimore LTER site suggests that 
greater coverage of impervious surfaces and the weathering of concrete are 
associated with elevated pH and major ions including Ca2+, Mg2+, Na2+ and SO4
2-
 
(Kaushal et al. 2017). High coverage of concrete surfaces was also implicated as a 
key factor influencing water quality in streams in the Maryland Piedmont region in 
the US, being associated with elevated major ions (Moore et al. 2017). 
Elevated concentrations of metals are typically associated with water draining 
urbanised catchments and exposed to concrete materials (Thornton 1991; Bain, 
Yesilonis & Pouyat 2012; Borris et al. 2017). Due to the use of materials such as fly 
ash as an alternative to Portland cement (Joshi & Lohtia 1997; Kula et al. 2002; 
Mehta 2004; Müllauer, Beddoe & Heinz 2015), concrete contains a suite of metals 
that are not present or naturally low in the environment and natural geology. 
Manipulative experiments involving the exposure of water to concrete has identified 
that strontium is linked with the leaching of concrete (Graham, Goguel & St John 
2000; Bain, Yesilonis & Pouyat 2012; Christian, Banner & Mack 2011; Müllauer, 
Beddoe & Heinz 2015; Vollpracht & Brameshuber 2016). This is in line with the 
findings from the urban BMUS, as they had significantly elevated concentrations of 
Sr2+ (in both September 2017 (see Appendix 1; Table A3) and April-June 2018) 
compared to the naturally vegetated swamps. Concrete is recognised as having high 
Ca2+/Sr2+ values (Graham, Goguel & St John 2000; Rose 2007; Bain, Yesilonis & 
Pouyat 2012; Connor et al. 2014), which can be used as an indicator to distinguish 
from mineral sources and the contributions of urban inputs of Ca2+ and Sr2+ into 
aquatic ecosystems (Bain, Yesilonis & Pouyat 2012; Connor et al. 2014). 
Furthermore, a strong correlation was observed between elevated Sr2+ isotopes 
(87Sr/86Sr) and factors such as percentage of urban land use, impervious cover, road 
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and population density in Austin, Texas (Christian, Banner & Mack 2011). Metals 
present in concrete that are naturally low in the environment, such as strontium, have 
the potential to act as ‘tracers’, the identification of which can then be used to link 
observed water quality and elevated concentrations of specific elements with the 
chemical properties of concrete materials (Land et al. 2000). However, the 
fingerprint of concrete may vary depending on variations in the type and composition 
of the concrete being used. This highlights the importance of characterising baseline 
conditions (including consideration of the types of infrastructure that may be 
impacting the local environment), in addition to the use of isotopes to identify 
sources of key inputs (Graham, Goguel & St John 2000; Tipper et al. 2010; 
Christian, Banner & Mack 2011).  
Findings from this current study also observed that higher impervious cover 
(including roads, concrete driveways and buildings) observed within the urban 
catchments was associated with elevated pH, EC, concentrations of major ions and 
metals in water compared to the naturally vegetated, low impervious catchments. 
This supports numerous studies that have linked high catchment imperviousness with 
altered water chemistry (Arnold & Gibbons 1996; Paul & Meyer 2001; Hatt et al. 
2004; Walsh et al. 2005; Wright et al. 2011; Vietz et al. 2014; Beck, McHale & Hess 
2016; Kaushal et al. 2017; Moore et al. 2017). Urban sites also exhibited more 
variability compared to the non-urban sites. For example, Bullaburra appeared to be 
the most impacted site (exhibiting the highest overall levels of key attributes tested), 
despite having the second highest impervious cover. This highlights how patterns of 
land use and the age of infrastructure within the catchment play a role in influencing 
water quality (Davies et al. 2010b; Beck, McHale & Hess 2016). For example, recent 
upgrades to the Great Western Highway at Bullaburra (Arens & Morgan 2009), 
including new stormwater infrastructure directed into the headwaters of the swamp, 
may have contributed to the dramatic change in water chemistry relative to the other 
swamps studied (Belmer, Wright & Tippler 2015). 
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4.6 Management outcomes 
BMUS are unique ecosystems that have high conservation value as they are listed as 
an EEC under State and Federal legislation and contain several endangered species 
of flora and fauna (DEE 2005; DEE 2018). Catchment urbanisation is recognised as 
causing physical damage to BMUS (including erosion and channelisation) and 
contributing to weed invasions. Current management of BMUS commonly focusses 
on stopping or rehabilitating erosion, reducing the velocity of surface flow and 
removing weeds from already degraded swamps (see Carey 2007; Hensen & 
Mahoney 2010). These practices are invaluable in these already modified urban 
swamp ecosystems. However, findings from this current study indicate that urban 
development within BMUS catchments has the potential to modify swamp 
geochemistry by altering the mobility and abundance of elements. This highlights the 
need for management practices to also address water quality and the input of 
elements into BMUS that can contribute to the degradation of these ecosystems, 
before they are irreversibly altered. It is recommended that management practices 
should consider three main areas including;  
1). Seeking to establish baseline values to recognise urban modification.  
2). Designing and implementing measures to prevent or minimise entry of 
urban pollutants into BMUS. 
3). Consideration of the role of legislation for promoting management and 
protection of BMUS. 
As there is limited knowledge of baseline conditions for water quality within BMUS, 
there is a need to establish background levels of major ions and metals through 
ongoing monitoring programs. This will allow for changes away from this baseline 
or natural conditions to be observed, key indicators of contamination to be identified 
and monitored for future changes, and trends to be linked with potential 
anthropogenic causes (Johnson et al. eds. 2011). For example, the Australian and 
New Zealand Environment and Conservation Council (ANZECC) Water Quality 
Guidelines developed in 2000 are a recognised tool to determine whether pollution 
thresholds have been exceeded (ANZECC & ARMCANZ 2000). However, the 
standard ANZECC guidelines for Upland Rivers are significantly higher than natural 
background conditions experienced within BMUS. For example, the ANZECC 
guidelines for pH in Upland Rivers is 6.5-7.5 pH units (ANZECC & ARMCANZ 
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2000; Figure 53), however this does not take into consideration the naturally acidic 
nature of BMUS and therefore is not suitable for use in these unique environments.  
 
Figure 53. Comparison of ANZECC guidelines for pH in Upland Rivers in 
Australia compared to findings from this current study on BMUS. The upper 
and lower limits of the ANZECC guidelines are indicated by red dotted lines 
(6.5 – 7.5 pH units). Mean pH (+/- SE) is shown for urban BMUS catchments 
(orange) and naturally vegetated BMUS catchments (green).  
The derivation of local ANZECC guidelines that are appropriate for this region 
offers a starting point to identify natural conditions and how water quality in BMUS 
is being impacted by catchment urbanisation. This would involve monthly 
monitoring of pristine BMUS over a minimum of two years, with guidelines derived 
using the 80th percentile of data (ANZECC & ARMCANZ 2000; Australian 
Government n.d). This is also important as BMUS are unique, fragile ecosystems 
where conditions differ compared to that observed in other studies of urban 
environments (Figure 54). This highlights the need to identify the local urban factors 
impacting the environment and water quality to better guide management (Booth et 
al. 2016). For example, nitrogen and phosphorus were not observed to differ between 
catchment types, therefore nutrients may not be identified as the top priority for 
management within these environments. However, it is possible that nitrogen and 
phosphorus results from this study may be limited by the small sample size, so 
further research of a wider range of urban BMUS is recommended.  
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Figure 54. Comparison of BMUS findings (+/- SE; with urban indicated in 
orange and naturally vegetated catchments in green) with previous research 
conducted within urban ecosystems in Australia (Tippler, Wright & Hanlon 
2012; red) and the US (including Conway (2007; dark blue), Moore et al. (2017; 
light blue) and Kaushal et al. (2017; purple)). Attributes include a). pH, b). 
electrical conductivity and c). nitrates. Urban data (representing the highest 
impervious cover from each study) are shown using block colour) and non-
urban (representing the lowest impervious cover from study) are indicated 
using stripes. Conway (2007) reflects median values for all data and for c). 
Tippler, Wright & Hanlon (2012) measured Oxidised nitrogen (NOx), whilst 
this current BMUS study and Moore et al. (2017) assessed nitrate (NO3-). 
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Based on the findings of this current study of BMUS and previous literature 
(Christian, Banner & Mack 2011; Bain, Hale & Wollhelm 2012; Tippler et al. 2014; 
Belmer, Wright & Tippler 2015; Chambers et al. 2016; Kaushal et al. 2017; Moore et 
al. 2017), a shortlist of key indicators that are linked with catchment urbanisation and 
the presence of concrete that may result in altered geochemistry within BMUS 
include pH, ionic strength, Ca2+, HCO3
-, K+ and Sr2+. These indicators have the 
potential to be used during routine monitoring by water managers (such as local 
council (Blue Mountains City Council (BMCC)) and National Parks and Wildlife 
Service (NPWS)) as a preliminary checklist to identify if catchment urbanisation and 
concrete is influencing sensitive freshwater systems and to help identify the presence 
of the UGS. However, assessment of a broad range of major ions, nutrients, metals 
and physical properties within aquatic ecosystems is required to make a detailed 
assessment of the impact of urbanisation on the environment and to identify localised 
impacts. 
Central to reducing the threat of contamination is seeking to reduce the entry of 
urban pollutants into fragile aquatic ecosystems. Strategies to address this could 
include the use of water sensitive urban design (WSUD) and reducing concrete and 
other impervious surfaces within the catchment to improve the quality of runoff 
entering the swamps (CSIRO 1999; Wong 2006). For example, vegetated buffers, 
swale drains, green roofs and rain gardens (Figure 55a) could be used instead of 
concrete guttering and stormwater pipes to assist to increase uptake of key nutrients 
or reduce runoff into the swamps (CSIRO 1999; BMCC 2018; BMCC 2018 pers. 
comm. 28 September). Natural, local products such as sandstone could be used 
instead of concrete guttering (Figure 55b), or alternatively concrete could be coated 
with a sealant to reduce leaching or plastic pipes used (Grella et al. 2016). Permeable 
or porous pavements could also be used instead of concrete surfaces to promote 
infiltration of water, trap pollutants and slow the velocity of flow (Scholz & 
Grabowiecki 2007; Drake, Bradford & Marsalek 2013; Kamali, Delkash & Tajrishy 
2017; Figure 55c).  
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Figure 55. Examples of WSUD measures to reduce runoff and improve water 
quality. a). The use of rain gardens to capture runoff in urban areas and 
promote removal and uptake of pollutants by vegetation (TRLWQI n.d), b). 
Sandstone guttering, which could be used as an alternative to concrete (Corkery 
Consulting 2017) and c). Permeable paving options, with gaps to allow for 
infiltration of water (PSI 2018). 
Managing the flow and entry of runoff into BMUS is another way to seek to improve 
the condition of the swamps. Soft engineering works such as coir logs and 
bioretention systems to slow down the velocity of stormwater entering the swamps 
are an effective way to reduce physical damage to the ecosystem, such as 
channelisation and erosion (Carey 2007; Hensen & Mahoney 2010; Figure 56). 
Slowing down the flow of stormwater into BMUS using retention structures and 
vegetation could also allow time for nutrient uptake prior to entering the swamps. 
 
Figure 56. Examples of strategies to improve condition of BMUS, including a). 
coir logs used to slow velocity of water and promote pool formation in Marmion 
Rd BMUS, Leura (Rani Carroll 4 May 2015) and b). new stormwater retention 
infrastructure being constructed to reduce runoff into Wentworth Falls BMUS 
(Rani Carroll 14 February 2018). 
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Urban Wentworth Falls BMUS exhibited a different ionic signature to the other three 
urban swamps studied, showing levels of EC, pH and calcium that were more 
reflective of the naturally vegetated swamps, despite having a high coverage of 
impervious surfaces (at 22.41%). This suggests that the urban signature at this site, 
whilst still present, is not as strong as the other urban BMUS studied which raises 
further questions as to why this may be the case. There has been substantial work 
done to manage stormwater runoff at the headwaters of Wentworth Falls BMUS, 
including the use of coir logs to reduce erosion and the construction of an extensive 
sandstone stormwater retention pathway to reduce the flow of water entering the 
swamp (BBM 2017). Therefore, could these water quality findings be reflective of an 
improvement in water quality due to changes to stormwater management and urban 
runoff? There is still evidence of elevated elements in the sediment, including Ca2+ 
and K+, which may be the persistent legacy of urban impacts contained in the 
sediment even though water quality is not as degraded as other urban sites. This 
suggests the potential for the recent rehabilitation strategies, including stormwater 
management infrastructure, to reduce the volume or enhance the quality of water 
entering the swamp, which allows natural swamp functioning and filtration services 
to improve and ultimately lead to improved water quality. However, further 
monitoring is required to assess the effectiveness of these works and based on the 
observed water chemistry, including the presence of elevated concentrations of major 
ions and metals compared to naturally vegetated BMUS, this site remains eligible to 
be classified as an urban swamp. Lessons learnt from management at this site could 
be used to improve management approaches for BMUS, which emphasises the 
importance of adaptive management (Eberhard et al. 2009) and gaining feedback 
from monitoring of current approaches to guide future swamp management.  
The introduction of exotic and invasive species has been identified as a major threat 
within urban BMUS communities (Commonwealth of Australia 2014; OEH 2016). 
The effects of weed invasions were apparent at urban Bullaburra (including the 
invasion of Blackberry (Rubus fruticosus) and Honeysuckle (Lonicera japonica)) and 
Popes Glen BMUS (including various grass species and Ranunculus repens 
(Creeping Buttercup)), compared to the naturally vegetated swamps (Figure 57). 
Programs to remove weeds are carried out across BMUS by local community groups 
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(Carey 2007; Hensen & Mahoney 2010). However, identifying the factors that may 
be contributing to weed invasions is important for long-term management.  
 
Figure 57. Comparison of urban BMUS experiencing weed invasions, compared 
to naturally vegetated BMUS. a). Examples of weed invasions occurring within 
urban Bullaburra BMUS including blackberry (Rani Carroll 13 April 2018) 
and b). grass species within urban Popes Glen BMUS (Rani Carroll 5 April 
2018). Figures c). Mount Hay and d). Kings Tableland BMUS are examples of 
naturally vegetated BMUS that are dominated by native species and where no 
exotic or weed species were observed to be present (Rani Carroll 17 May 2018).   
Altering chemical conditions within aquatic and riparian ecosystems has the potential 
to impact vegetation communities due to altered pH, nutrient availability and 
potential toxicity (Bolan, Adriano & Curtain 2003; Leishman, Hughes & Gore 2004; 
Thomson & Leishman 2004; Charman & Murphy eds. 2007; Ehrenfeld 2008). This 
poses the question as to whether altering natural geochemical conditions may 
contribute to weed invasions within urban BMUS (Carroll, Wright & Reynolds 
2018). As concentrations of nitrogen and phosphorus in water do not appear to differ 
between urban and non-urban BMUS catchments (which is contrary to research 
conducted in other urban environments in the Sydney region, such as Leishman, 
Hughes & Gore (2004) and Thomson & Leishman (2004)), this suggests that the 
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elevated concentrations of other major ions in urban BMUS catchments may 
contribute to changes in the vegetation community (King & Buckney 2002; Grella, 
Wright & Renshaw 2018). Further research is required to investigate the biological 
implications of altered geochemistry for plant species within urban swamp 
ecosystems and identify which factors may be causing the largest impact to guide the 
development of targeted weed management plans within BMUS. 
The effects of urbanisation originate in the wider catchment (Maltby & Acreman 
2011), therefore to better manage BMUS there is a need to be aware of activities 
occurring within their catchments. Legislation provides a tool to oversee urban 
development across the entire catchment and promote the implementation of 
management strategies to enhance protection of BMUS. BMCC are currently in the 
process of developing the ‘Water Sensitive Blue Mountains Strategic Plan’ (BMCC 
2018), which aims to address water management across this region, with a focus on 
mitigating the effect of urbanisation and stormwater on natural waterways (BMCC 
2018, pp. 3). This offers an opportunity to further implement WSUD principles into 
local planning. The Blue Mountains Local Environmental Plan (BM LEP; 2015) 
controls land zoning within this region including vegetated buffers and managing 
urban development (such as roads and buildings). BMUS are currently recognised as 
a ‘Significant vegetation community’ under Schedule 6 of the BM LEP (2015) and 
are zoned as National Parks and Natural Reserves (E1) or Environmental 
Conservation (E2; BM LEP 2015; Figure 58). BMUS are also recognised as 
Protected Areas – Riparian Land and Watercourses by the BM LEP (2015). 
However, urban development occurs within the upstream catchment of urban BMUS, 
therefore the cumulative effect of urban land use can negatively affect water quality 
in the swamps downstream. It is necessary to consider urban development at the 
catchment scale and seek to manage building development work in these catchments 
to protect the swamps downstream, for example reducing runoff, limiting concrete 
gutters and stormwater directed into the swamps or using alternative materials.  
There is also the need for greater consideration of the role of urban development and 
a high coverage of concrete surfaces in modifying the natural elemental composition 
of BMUS. For example, this could include listing urban development and high 
concrete use as a KTP under the TSC Act (1995), thereby recognising its potential 
contribution to geochemical modification (Carroll, Wright & Reynolds 2018). The 
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consequences of a high coverage of concrete surfaces and urban development 
contribute to recognised KTPs within BMUS, including altered flow regimes and 
invasion of exotic vines and scramblers (OEH 2016). By identifying the adverse 
effect of concrete on swamp geochemistry under the TSC Act (1995), this could 
encourage the development of management plans that have legislative power to 
address high coverage of concrete in the swamp catchments to improve water quality 
and reduce sources of contamination. 
 
Figure 58. Land zoning map for Popes Glen BMUS. The swamp catchment 
(approximate boundary indicated by solid black line) is zoned as Environmental 
Conservation (E2). The land zonings that occur within the swamp catchment 
(approximate boundary outlined by black dotted line) are primarily low density 
residential (R2), recreation areas (RE1) and a commercial local centre (B2) (BM 
LEP 2015). 
4.7 Limitations 
Limitations encountered in this study included weather conditions, equipment error 
and the small sample size. It is recommended that longer term monitoring programs 
be conducted, in addition to increasing replication of samples within each swamp to 
increase the statistical power. Water chemistry was observed to remain consistent 
within each individual swamp site and catchment type over the course of the three 
sampling events (Appendix 2; Tables A4-A7 and A9-A12). However, as there was 
more variability between the urban swamps compared to the naturally vegetated 
swamps, it would be beneficial to assess a larger sample size to ensure that the urban 
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catchments are representative of this community. Further analysis of sediment and 
foliage tissue is also required to further quantify differences in concentrations of 
elements. Temperature varied across the day and seasonally during sampling events. 
As pH of water can be temperature sensitive, further research is required to identify 
the effects of the natural temperature regime on water quality and chemistry. This 
could be overcome with the use of continuous data loggers to examine diurnal and 
seasonal changes over time.  
It is also recommended that additional research be undertaken that incorporates 
BMUS with pristine, naturally vegetated catchments. The naturally vegetated BMUS 
in this current study were classified based on minimal impervious cover within their 
catchment. However, human disturbances can still be present within these 
catchments, including fire trails and walking tracks upstream of the swamps. 
Unsealed roads have been observed to impact water quality and contribute to erosion 
(Lane & Sheridan 2002; Fu, Newham & Ramos-Scharrón 2010). Factors such as 
these pose a potential source of additional inputs into naturally vegetated BMUS 
catchments, therefore there is a need to assess pristine swamps that are upstream of 
any potential human impacts to obtain further data regarding baseline conditions (G 
Hose 2018 pers. comm. 12 November).  
During the study period in April-June 2018, this region experienced a prolonged 
period of drought conditions. As a result, a reduction in surface water was observed 
at all sites and Mount Hay BMUS dried out so that no surface water was present 
during the second and third sampling events (Figure 59). However, during the first 
sampling event, a shallow pool of water was present at the exit stream, but this 
experienced higher temperatures and EC due to the shallow depth and effects of 
evaporation leading to the concentration of water quality. Overall, water quality 
findings were in line with previous research conducted within BMUS by Belmer, 
Wright & Tippler (2015), however mean EC in the non-urban swamps was higher 
than previously observed which suggests that the dry conditions may have 
contributed to higher mean EC levels.  
115 
 
 
Figure 59. The effect of dry conditions on Mount Hay BMUS. a). The exit 
stream at Mount Hay BMUS which was flowing in 2017 (Rani Carroll 26 
September 2017), compared to b). the exit stream as observed during the study 
period in 2018, where it had run dry (Rani Carroll 16 April 2018). 
However, this study may also provide an insight into the effects of swamp 
desiccation on water quality. While only one round of water samples was collected 
from Mount Hay BMUS, these samples had high temperature, turbidity and 
concentrations of nitrogen and phosphorus compared to the other sites. These 
findings may suggest that during severe drought, properties of water quality may 
become more concentrated due to higher evaporation. A multi-year study that 
assesses varying weather conditions (including wet weather testing) would be 
required to further assess this. However, the methodology for sample collection 
should also be taken into consideration, as due to the shallow depth of surface water 
and leakage of one of the Mount Hay sample bottles (replicate 1), the sample bottles 
contained less water and more organic matter was present during testing. 
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5. Conclusions 
The effects of urbanisation have the potential to alter the natural geochemistry of 
freshwater environments. This study sought to enhance knowledge of the impacts of 
urban development on chemical conditions within fragile freshwater systems. Urban 
BMUS exhibited a modified elemental signature across water, sediment and foliage 
tissue compared to the naturally vegetated BMUS, which was consistent with the 
proposed hypotheses. This study highlights the influence of elevated elements, 
particularly calcium, across multiple tiers of a sensitive wetland ecosystem. To the 
best of our knowledge, this research is the first to investigate metal concentrations 
and the elemental composition of sediment and foliage tissue between urban and 
non-urban catchments within a fragile, freshwater environment with listed 
conservation significance.    
Findings from this study observed that urban BMUS exhibited altered water 
chemistry, with elevated pH, altered ionic strength and composition (shifting from 
sodium and chloride to calcium and bicarbonate dominated systems) and higher 
concentrations of several metals (such as strontium). This supports previous research 
that has identified that urban ecosystems exhibit altered water chemistry that is 
reflective of USS and the typical UGS (Meyer, Paul & Taulbee 2005; Wright et al. 
2011; Belmer, Wright & Tippler 2015; Chambers et al. 2016; Kaushal et al. 2017; 
Moore et al. 2017). BMUS represent a unique system as they are highly acidic and 
poorly buffered due to sandstone dominated geology, which allows for the 
consequences of catchment urbanisation to be assessed in a fragile environment. 
Contrary to previous research in urban environments, BMUS exhibited no significant 
differences in concentrations of key plant nutrients of nitrogen and phosphorus 
between catchment types, which is an area that requires further investigation.   
This study also extends knowledge of the chemical signature of sediment in urban 
BMUS catchments. Surface sediment from urban BMUS had elevated calcium levels 
compared to the naturally vegetated catchments, and this trend was maintained with 
depth. In particular, urban Bullaburra and Popes Glen BMUS exhibited the presence 
of Ca(OH)2 in the sediment at all depths examined. This highlights the potential for 
swamp sediments to be a sink for urban inputs, such as calcium, which may have 
long lasting effects on the environment.  
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Foliage tissue from native and exotic species collected in urban BMUS catchments 
demonstrated higher concentrations of Ca2+, HCO3
- and K+ compared to the native 
species collected from the non-urban BMUS catchments. This is, to the best of our 
knowledge, one of the first studies to assess the foliage chemistry of vegetation 
across urban and non-urban catchments in a listed, fragile, freshwater environment. 
Findings suggest that the mobility and cycling of elements may be altered in urban 
BMUS, which has the potential to have ecological implications for biotic species 
such as modifying uptake and foliage tissue chemistry. However, further research is 
required to assess the ecological implications of greater mobility and abundance of 
elements within these systems, including the impact this may have on native and 
exotic species, potential links with weed invasions and how nutrient uptake and 
foliage chemistry may differ between species.  
Further research is required to determine specific pathways and links between 
concrete sources and chemistry of urban freshwater environments. Findings from this 
study suggest that concrete and urban development within the swamp catchment 
remains a potential input of ions and metals into BMUS which is likely to alter 
natural geochemistry. Previous research has linked concrete with altered water pH, 
ionic composition and strength (Tippler et al. 2014; Grella et al. 2016; Kaushal et al. 
2017). These trends were observed within water in urban BMUS compared to 
naturally vegetated catchments and extended to BMUS sediment and plant tissue. 
Results also suggested that even relatively low levels of catchment imperviousness, 
(due to low density residential land use), can have wide reaching impacts on fragile 
ecosystems. This adds to the growing body of evidence that raises awareness of the 
potential for urban materials, such as concrete, to impact fragile environments. It also 
demonstrates the importance of further enhancing knowledge of how urbanisation 
and concrete materials impact swamp communities in order to assist stakeholders and 
managers to better understand and protect BMUS. 
BMUS are endangered ecological communities with high conservation value as they 
support a unique biodiversity and provide essential ecosystem services. Urban 
pressures, such as development and high impervious cover, pose a significant threat 
to the natural functioning of these ecosystems. Understanding the effects of urban 
geochemistry on natural environments is necessary to help to guide management of 
these fragile systems. This requires a multidisciplinary approach that takes into 
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consideration the implications of urban development upstream of and within BMUS 
catchments and involves collaboration between various stakeholders. Management 
considerations include seeking to better understand baseline conditions in this region 
through further monitoring, aiming to improve quality of water entering swamps 
through the implementation of WSUD principles and further utilising legislative 
tools to manage urban development, planning, zoning and infrastructure within 
swamp catchments.  
Projected population growth will result in continued worldwide urbanisation 
(Kaushal, McDowell & Wollheim 2014), which will have widespread implications 
for sensitive ecosystems on an international scale. This study, to the best of our 
knowledge, is the first to seek to investigate links between catchment urbanisation 
and elemental patterns in water, sediment and foliage within a fragile freshwater 
environment. Knowledge obtained from this case study of BMUS provides a model 
system to consider the broader scale implications of catchment urbanisation and 
altered geochemical cycles for other fragile freshwater ecosystems on a global scale. 
Lessons learnt from management approaches adopted within BMUS have the 
potential to be adapted, improved and applied to other sensitive environments, to 
seek to reduce the impact of urbanisation on freshwater ecosystems. 
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6. Future research 
BMUS are complex ecosystems, and this study highlights the potential for further 
research to be conducted in these unique environments to extend our knowledge of 
urban impacts. There is still uncertainty surrounding the legacy of urban impacts on 
fragile freshwater systems (Chambers et al. 2016). For example, if all concrete was 
removed from within the swamp catchments, is recovery of degraded, urban BMUS 
possible or would the legacy of the UGS remain present in the sediment and biotic 
species? Is it possible to restore urban BMUS to a more, ‘natural’, manageable 
phase? The answers to these questions are currently not known, highlighting the need 
for further research within these communities.  
Further research is required to obtain more evidence regarding the link between 
concrete and altered chemical composition of water, sediment and biotic species. 
This could include manipulative experiments whereby water from naturally 
vegetated swamps is circulated through a concrete pipe or concrete gutters and 
changes in water chemistry measured to determine any links with urban swamp 
water chemistry. Isotopes could also be used to track the mobility of elements from 
concrete into the environment (Christian, Banner & Mack 2011; Chambers et al. 
2016). For example, future research could assess isotopic ratios, such as isotopes of 
calcium (Tipper et al. 2010), in order to further identify sources and sinks associated 
with BMUS ecosystems. There is also the potential for the exploration of alternative 
materials to concrete, including using natural, local products (such as sandstone), 
coating concrete surfaces with a sealant to reduce leaching (Grella et al. 2016), or the 
use of other materials such as asphalt instead of concrete for construction of gutters, 
pathways and stormwater infrastructure within sensitive environments.   
As there is limited knowledge about the elemental composition of sediment in 
BMUS, further research is recommended to assess how sediment chemistry is 
impacted by catchment urbanisation. This could include further investigation into the 
presence of CaCO3 and Ca(OH)2 in the sediment as an indicator of urban inputs such 
as from concrete. As quartz may have masked other smaller peaks in the XRD 
analysis, there is the potential to attempt to filter the quartz from samples and 
reassess results to see if the smaller peaks can be more easily identified. There is also 
the potential to utilise techniques including X-Ray Fluorescence (XRF) and X-ray 
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Mapping (XRM) to identify the distribution of elements within the sediment and 
foliage tissue (Carr et al. 2008; Guja et al. 2013; Kopittke et al. 2018).  
Wetlands are also a globally important sink for carbon storage (Wang et al. 2014b). 
Investigating how carbon storage and nutrient cycling is altered in urban wetlands 
would aid in our understanding of what is happening within these ecosystems, for 
example this could include assessment of levels of dissolved inorganic carbon (DIC), 
similar to previous research (such as Kaushal et al. 2017; Moore et al. 2017). Further 
research is also required to assess the ecological implications of increasing 
alkalinisation within urban catchments on vegetation communities within BMUS. 
This could include conducting manipulative and controlled growth experiments (such 
as Thomson & Leishman 2004; Leishman & Thomson 2005) using native and exotic 
species to identify what effects urban water has on plant growth and development, in 
addition to nutrient uptake and bioaccumulation of metals in foliage tissue. 
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Appendix 1: September 2017 Study 
The following study was undertaken in September 2017 as part of the unit 
Experimental Design and Analysis (401162) in the WSU Master of Research 
program. Appendix 1 contains an edited version of the methodology and results from 
this study, which is comprised of unpublished data and components which were 
published as a conference proceeding (see Carroll, Wright & Reynolds 2018). This 
study obtained similar results to this thesis, providing additional experimental 
verification of findings. 
Methodology 
An assessment of water, sediment and foliage elemental composition from a 
subsample of BMUS sites was conducted in September 2017 to identify potential 
methodological approaches that were then adapted and expanded for this thesis. Four 
BMUS swamps were assessed (that were then included in research carried out in 
2018), including two urban swamps (Bullaburra and North Lawson) and two 
naturally vegetated swamps (Mount Hay and Hat Hill; see Table 2; Figure 10-11). 
An overview of methods used, including water, sediment and foliage testing, are also 
outlined in Carroll, Wright & Reynolds (2018). This 2017 study was not carried out 
under drought conditions. Details of the methodology used to collect and analyse 
sediment and foliage samples are outlined in section 2.2.4 in the main body of the 
thesis. The plant species that were collected as part of this study are outlined in Table 
A1. 
Water 
Water quality was assessed on two occasions in September 2017. Attributes assessed 
in the field included pH and electrical conductivity (EC; using a calibrated TPS 
AQUA-Cond-pH meter), dissolved oxygen (DO, in mg/L and percentage (%)) and 
temperature (°C; using a calibrated YSI ProODO meter) and turbidity (using a 
HACH 2100P Turbidimeter), with five repeated measures per attribute (Belmer, 
Wright & Tippler 2015). Duplicate grab samples were collected in sterilised sample 
bottles from the exit stream of each swamp, stored at 4°C, and then analysed by a 
commercial NATA accredited laboratory using the methods detailed in section 
2.2.1.2. All samples were analysed for major cations (including Ca2+, Mg2+, K+, 
Na2+, Al3+, Ba2+, boron (B-), Cd2+, Cr2+, Co2+, Cu2+, Fe3+, Pb2+, Li+, Mn2+, Mo3+, 
Ni2+, Sr2+, Zn2+, U3+ and selenium (Se2-)) using ICP-OES and ICP-MS. The anions 
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Cl- and SO4
2- were assessed using IC (APHA method 4110-B). Bicarbonate and 
carbonate-alkalinity was determined titrimetrically (APHA method 2320-B; 
EnviroLab Services Pty Ltd 2017, pers. comm. 28 September). 
Table A1. Plant species collected from each of the BMUS study sites (n=4) for 
elemental analysis of foliage tissue in September 2017. The origin of species, 
including native to BMUS or exotic species, is also indicated.  
Swamp 
Swamp 
Catchment Type 
Native or 
Exotic 
Species Name 
Bullaburra Urban 
Exotic Lonicera japonica (Japanese Honeysuckle) 
Exotic Pennisetum clandestinum (Kikuyu Grass) 
Exotic Verbena incompta (Purpletop Vervain) 
Native Leptospermum juniperinum (Prickly Tea Tree) 
Native Acacia longifolia (Sydney Golden Wattle) 
Native Gymnoschoenus sphaerocephalus (Button Grass) 
Lawson Urban 
Native Gleichenia dicarpa (Pouched Coral Fern) 
Native Gymnoschoenus sphaerocephalus (Button Grass) 
Native Leptospermum juniperinum (Prickly Tea Tree) 
Mt Hay 
Naturally-
vegetated 
Native Gymnoschoenus sphaerocephalus (Button Grass) 
Native Leptospermum juniperinum (Prickly Tea Tree) 
Native Banksia spinulosa (Hairpin Banksia) 
Hat Hill 
Naturally-
vegetated 
Native Gleichenia dicarpa (Pouched Coral Fern) 
Native Leptospermum juniperinum (Prickly Tea Tree) 
Native Lepidosperma limicola (Razor Sedge) 
 
Results 
Water chemistry 
Water quality attributes differed significantly between the catchment types for all 
physiochemical attributes tested (Table A2). pH was significantly higher in the urban 
swamp catchments (U= 0.00, p<0.001). Urban swamps exhibited elevated pH (mean 
6.41 pH units), which was 1.42 pH units higher than the naturally vegetated BMUS 
(mean 4.96 pH units). EC was also four times higher in the urban (mean 
128.06µS/cm) compared to the non-urban swamps (mean 28.51µS/cm; U= 0.00, 
p<0.001). Water temperature was 3.64°C higher in urban swamps (mean 12.27°C; 
U=50.00, p<0.001). The naturally vegetated swamps were more turbid (mean 3.03 
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NTU) when compared with the urban swamps (mean 1.16 NTU; U=122.00, p<0.05). 
Naturally vegetated BMUS had elevated DO (mean 8.27mg/L and 70.78%) 
compared to the urban catchments (mean 6.56mg/L and 60.7%), which was 
statistically significant for both mg/L (U=100.00, p<0.01) and percentage DO 
(U=125.00, p<0.05). 
Table A2. Summary of water results from urban (n=2) and naturally vegetated 
(n=2) BMUS catchments in September 2017. Significance is indicated as *= 
p<0.05, **= p< 0.01 and ***= p<0.001. BD indicates that the attribute was below 
detection.  
 
  Urban BMUS 
Catchments 
Naturally 
vegetated BMUS 
Catchments 
Attributes  U statistic p value Range (Mean) Range (Mean) 
pH 
(pH units) 
0.00 
<0.001 
*** 
5.86-6.93 (6.41) 4.48-5.36 (4.96) 
Electrical 
Conductivity (µS/cm) 0.00 
<0.001 
*** 
106.6-140.4 
(128.06) 
23.2-31.5 (28.51) 
Temperature 
(°C) 
50.00 
<0.001 
*** 
10.1-14.9 (12.27) 4.9-11.7 (8.63) 
Turbidity 
(NTU) 
122.00 
0.05 
* 
0.87-2.81 (1.16) 0.38-6 (3.03) 
Dissolved Oxygen 
(mg/L) 100.00 
<0.01 
** 
4.01-8.93 (6.56) 6.86-9.35 (8.27) 
Dissolved Oxygen (%) 
125.00 
<0.05 
* 
39.3-79.3 (60.27) 64.2-75.1 (70.78) 
Chloride (mg/L) 
0.00 
<0.001 
*** 
11-34 (21.63) 7-10 (8.25) 
Sulfate (mg/L) 
0.00 
<0.001 
*** 
2-14 (7.38) BD 
Bicarbonate (mg/L) 
0.00 
<0.001 
*** 
18-59 (32.13) BD 
Calcium (mg/L) 
0.00 
<0.001 
*** 
11-19 (14.88) BD 
Potassium (mg/L) 
0.00 
<0.001 
*** 
0.90-2.10 (1.48) BD 
Magnesium (mg/L) 
0.00 
<0.001 
*** 
1.20-1.70 (1.46) BD 
Sodium (mg/L) 
0.00 
<0.001 
*** 
6.80- 12 (9.15) 4.40-5.20 (4.70) 
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All major ions were observed to be significantly higher in water from the urban 
swamps compared to the naturally vegetated swamps (Table A2). Na2+ and Cl- were 
the only ions detected in water in the naturally vegetated catchments (mean 
4.70mg/L and 8.25mg/L respectively), whilst all other ions were below detection. 
However, in the urban swamps, concentrations of all major ion tested were 
significantly elevated. HCO3
- concentrations in the urban swamps (mean 32.13mg/L) 
were over 32 times higher than the non-urban swamps. (U=0.00, p<0.001), and Ca2+ 
(mean urban BMUS of 14.88mg/L) was over 14 times higher (U= 0.00, p<0.001).  
Most metals tested were below detection in the water from both catchment types 
(Table A3). Water in urban BMUS catchments was observed to have significantly 
elevated levels of Ba2+ (mean 17.25µg/L) compared to the naturally vegetated 
catchments (mean 3.75µg/L; U= 0.00, p<0.05). Sr2+ was also statistically different 
between the urban (mean 45.50µg/L) and non-urban (mean 1.40µg/L) swamps (U= 
0.00, p<0.05), representing 32.5 times increase in urban BMUS. Conversely, Al3+ 
was significantly higher in the naturally vegetated swamps (mean 147.50µg/L) 
compared to the urban BMUS (mean 15.00µg/L; U= 0.00, p<0.05). 
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Table A3. Summary of metals in water from urban (n=2) and naturally 
vegetated (n=2) BMUS catchments in September 2017. Significance is indicated 
as *= p<0.05, **= p< 0.01, ***= p<0.001 and ns= not significant. BD indicates 
that the attribute was below detection.  
 
  Urban BMUS 
Catchments 
Naturally Vegetated BMUS 
Catchments 
Metals U 
statistic 
p 
value 
Range (Mean) Range (Mean) 
Aluminium (µg/L) 
0.00 
<0.05 
* 
10.00-20.00 (15.00) 110.00-240.00 (147.50) 
Barium (µg/L) 
0.00 
<0.05 
* 
16.00-18.00 (17.25) 3.00-5.00 (3.75) 
Boron (µg/L) 
8.00 
1.00 
(ns) 
BD BD 
Cadmium (µg/L) 
8.00 
1.00 
(ns) 
BD BD 
Chromium (µg/L) 
8.00 
1.00 
(ns) 
BD BD 
Cobalt (µg/L) 
8.00 
1.00 
(ns) 
BD BD 
Copper (µg/L) 
8.00 
1.00 
(ns) 
BD BD 
Iron (µg/L) 
5.00 
0.49 
(ns) 
120.00-250.00 
(190.00) 
86.00-610.00 (230.50) 
Lead (µg/L) 
8.00 
1.00 
(ns) 
BD BD 
Lithium (µg/L) 
8.00 
1.00 
(ns) 
BD BD 
Manganese (µg/L) 
4.00 
0.34 
(ns) 
8.00-9.00 (8.50) BD-9.00 (8.50) 
Molybdenum (µg/L) 
8.00 
1.00 
(ns) 
BD BD 
Nickel (µg/L) 
8.00 
1.00 
(ns) 
BD BD 
Strontium (µg/L) 
0.00 
<0.05 
* 
31.00-61.00 (45.50) 1.30-1.60 (1.40) 
Zinc (µg/L) 
6.00 
0.69 
(ns) 
2.00-3.00 (2.25) 2.00-3.00 (2.50) 
Uranium (µg/L) 
8.00 
1.00 
(ns) 
BD BD 
Selenium (µg/L) 
8.00 
1.00 
(ns) 
BD BD 
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Appendix 2: BMUS Water Quality Results April-June 2018 
 
Table A4. Summary of mean water quality physiochemical attributes for urban BMUS (n=4) for each sampling event. Sampling 
events are indicated as S1= Sampling Event 1 (13/04/2018), S2= Sampling Event 2 (17/05/2018) and S3= Sampling Event 3 
(21/06/2018 and 29/06/2018).  Attributes tested include pH, electrical conductivity (EC), dissolved oxygen (DO), temperature 
(Temp), turbidity, nitrates (NO3-) and reactive phosphates (PO43-).  
Swamp 
Catchment 
Type 
Sampling 
event 
pH (pH 
units) 
EC 
(µS/cm) 
DO 
(mg/L) 
DO 
(%) 
Temp 
(°C) 
Turbidity 
(NTU) 
NO3- 
(mg/L) 
PO43- 
(mg/L) 
1). Bullaburra Urban 
S1 7.09 107.64 8.33 86.36 16.90 12.96 0.42 0.31 
S2 6.99 146.92 9.70 86.50 10.30 8.84 0.38 0.20 
S3 6.99 141.38 10.60 91.40 8.90 72.04 0.60 0.31 
Overall 
Mean 
7.02 131.98 9.54 88.09 12.03 31.28 0.47 0.27 
2). Wentworth 
Falls 
Urban 
S1 5.56 49.00 4.60 44.00 13.40 4.394 0.50 0.27 
S2 5.80 45.10 6.64 55.50 7.60 4.26 0.42 0.22 
S3 5.72 45.32 5.19 42.76 6.60 8.044 0.24 0.40 
Overall 
Mean 
5.70 46.47 5.48 47.42 9.20 5.57 0.39 0.30 
3). North 
Lawson 
Urban 
S1 6.15 164.88 4.54 45.68 16.90 3.942 0.36 0.23 
S2 6.03 155.40 6.51 54.40 7.60 3.40 0.42 0.16 
S3 5.86 137.86 8.56 72.46 8.10 1.75 0.16 0.23 
Overall 
Mean 
6.01 152.71 6.54 57.51 10.87 3.03 0.31 0.21 
4). Popes Glen Urban 
S1 6.13 159.96 0.40 3.92 14.40 18.70 0.52 0.16 
S2 5.82 137.20 0.37 3.20 9.00 16.84 0.34 0.23 
S3 6.30 104.90 3.80 32.00 7.40 7.07 0.16 0.47 
Overall 
Mean 
6.08 134.02 1.52 13.04 10.27 14.20 0.34 0.29 
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Table A5. Summary of mean water quality physiochemical attributes for naturally vegetated BMUS (n=4) for each sampling 
event. Sampling events are indicated as S1= Sampling Event 1 (13/04/2018), S2= Sampling Event 2 (17/05/2018) and S3= 
Sampling Event 3 (21/06/2018 and 29/06/2018). ND refers to no data collected for that sampling event due to a lack of surface 
water or equipment error. Attributes tested include pH, electrical conductivity (EC), dissolved oxygen (DO), temperature 
(Temp), turbidity, nitrates (NO3-) and reactive phosphates (PO43-). 
Swamp 
Catchment 
Type 
Sampling 
event 
pH (pH 
units) 
EC 
(µS/cm) 
DO 
(mg/L) 
DO 
(%) 
Temp 
(°C) 
Turbidity 
(NTU) 
NO3- 
(mg/L) 
PO43- 
(mg/L) 
5). Mount Hay 
Naturally 
vegetated 
S1 4.96 31.32 8.53 102.48 24.70 10.96 0.92 0.22 
S2 ND ND ND ND ND ND ND ND 
S3 ND ND ND ND ND ND ND ND 
Overall 
Mean 
4.96 31.32 8.53 102.48 24.70 10.96 0.92 0.22 
6). Hat Hill 
Naturally 
vegetated 
S1 5.40 25.84 8.42 82.82 14.66 3.42 0.40 0.33 
S2 5.08 25.40 9.36 82.56 9.80 1.18 0.34 0.30 
S3 4.64 28.02 10.59 89.70 8.10 2.04 0.14 0.65 
Overall 
Mean 
5.04 26.42 9.46 85.03 10.85 2.21 0.29 0.43 
7). Lawson 
Naturally 
vegetated 
S1 4.69 62.68 7.50 75.00 15.40 0.81 0.16 0.28 
S2 5.16 79.02 9.15 75.50 7.10 1.84 0.30 0.39 
S3 4.94 ND 10.45 84.40 6.20 0.89 0.16 0.44 
Overall 
Mean 
4.93 70.85 9.03 78.30 9.57 1.18 0.21 0.37 
8). Kings 
Tableland 
Naturally 
vegetated 
S1 4.64 51.78 8.16 81.74 15.50 3.34 0.34 0.30 
S2 4.63 49.70 9.73 84.02 8.92 2.54 0.46 0.12 
S3 4.57 56.40 10.87 92.02 8.10 2.96 0.48 0.19 
Overall 
Mean 
4.61 52.63 9.59 85.93 10.84 2.95 0.43 0.20 
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Figure A1. Comparison of mean electrical conductivity for each BMUS site with 
approximate distance from the coast for a). naturally vegetated BMUS 
catchments (n=4) and b). urban BMUS catchments (n=4). 
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Table A6. Summary of mean water chemistry for urban BMUS (n=4) for each sampling event. Sampling events are indicated as 
S1= Sampling Event 1 (13/04/2018), S2= Sampling Event 2 (17/05/2018) and S3= Sampling Event 3 (21/06/2018 and 29/06/2018).  
Attributes tested include calcium (Ca2+), potassium (K+), sodium (Na2+), magnesium (Mg2+), bicarbonate alkalinity as CaCO3 
(HCO3-), sulfate (SO42-) and chloride (Cl-). Units for all values are dissolved mg/L. 
Swamp Catchment Type Sampling event Ca
2+
 K
+
 Na
2+
 Mg
2+
 HCO3- SO4
2- Cl
-
 
1). Bullaburra Urban 
S1 20.00 2.75 8.55 1.85 55.50 7.00 12.00 
S2 18.00 2.35 7.55 1.80 45.00 9.00 13.50 
S3 15.00 2.30 6.33 1.60 38.00 11.00 11.00 
Overall Mean 17.29 2.44 7.31 1.73 46.17 9.29 12.00 
2). Wentworth Falls Urban 
S1 2.80 0.00 5.35 0.90 10.50 7.00 6.00 
S2 8.40 0.40 9.15 1.25 7.00 3.00 8.00 
S3 14.00 0.80 13.00 1.50 5.00 4.00 8.00 
Overall Mean 2.34 0.26 5.10 0.71 7.50 3.43 7.43 
3). North Lawson Urban 
S1 14.00 0.80 13.00 1.50 23.50 2.00 29.00 
S2 11.00 0.60 13.00 1.20 16.00 2.00 36.00 
S3 9.15 0.60 11.00 1.00 14.00 3.00 27.00 
Overall Mean 11.38 0.67 12.33 1.23 17.83 2.33 30.67 
4). Popes Glen Urban 
S1 16.00 1.10 10.00 1.55 41.50 0.00 18.67 
S2 13.00 1.10 9.40 1.25 30.00 2.00 23.00 
S3 9.85 2.60 6.65 0.90 22.00 6.00 15.00 
Overall Mean 12.95 1.60 8.68 1.23 31.17 2.29 18.86 
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Table A7. Summary of mean water chemistry for naturally vegetated BMUS (n=4) for each sampling event. Sampling events are 
indicated as S1= Sampling Event 1 (13/04/2018), S2= Sampling Event 2 (17/05/2018) and S3= Sampling Event 3 (21/06/2018 and 
29/06/2018). ND refers to no data collected for that sampling event due to a lack of surface water. Attributes tested include 
calcium (Ca2+), potassium (K+), sodium (Na2+), magnesium (Mg2+), bicarbonate alkalinity as CaCO3 (HCO3-), sulfate (SO42-) and 
chloride (Cl-). Units for all values are dissolved mg/L. 
Swamp Catchment Type Sampling event Ca
2+
 K
+
 Na
2+
 Mg
2+
 HCO3- SO42- Cl
-
 
5). Mount Hay Naturally vegetated 
S1 0.00 0.00 5.60 0.00 0.00 1.00 6.00 
S2 ND ND ND ND ND ND ND 
S3 ND ND ND ND ND ND ND 
Overall Mean 0.00 0.00 5.60 0.00 0.00 1.00 6.50 
6). Hat Hill Naturally vegetated 
S1 0.00 0.00 4.70 0.00 0.00 0.00 6.00 
S2 0.00 0.00 4.40 0.00 0.00 0.00 8.50 
S3 0.00 0.00 4.00 0.00 0.00 0.00 7.00 
Overall Mean 0.00 0.00 4.37 0.00 0.00 0.00 7.17 
7). Lawson Naturally vegetated 
S1 0.00 0.00 7.33 0.73 0.00 1.00 10.00 
S2 0.00 0.00 6.73 0.40 0.00 1.00 11.00 
S3 0.00 0.00 6.70 0.70 0.00 2.00 11.00 
Overall Mean 0.00 0.00 6.95 0.60 0.00 1.33 10.67 
8). Kings Tableland Naturally vegetated 
S1 1.20 0.00 6.30 0.75 0.00 4.00 8.00 
S2 1.27 0.00 6.10 0.77 0.00 6.00 9.00 
S3 1.20 0.00 5.55 0.75 0.00 6.00 9.00 
Overall Mean 1.23 0.00 6.00 0.76 0.00 5.33 8.67 
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Table A8. Summary of mean metals in water for urban BMUS (n=4) for each sampling event. Sampling events are indicated as 
S1= Sampling Event 1 (13/04/2018), S2= Sampling Event 2 (17/05/2018) and S3= Sampling Event 3 (21/06/2018 and 29/06/2018).  
Attributes tested include aluminium (Al3+), manganese (Mn2+), iron (Fe3+), nickel (Ni2+), zinc (Zn2+), barium (Ba2+), cadmium 
(Cd2+) and chromium (Cr2+). Units for all values are total µg/L. 
Swamp Catchment Type Sampling event Al
3+
 Mn
2+
 Fe
3+ Ni
2+
 Zn
2+
 Ba
2+
 Cd
2+
 Cr
2+
 
1). Bullaburra Urban 
S1 120.00 30.00 690.00 0.00 4.50 25.00 0.20 0.00 
S2 275.00 7.00 285.00 0.00 1.50 18.50 0.00 0.00 
S3 1166.67 250.00 6966.67 1.00 23.00 35.00 3.33 2.00 
Overall Mean 612.86 117.71 3264.29 0.43 11.57 27.43 1.49 0.86 
2). Wentworth Falls Urban 
S1 200.00 15.50 1800.00 0.00 12.00 5.50 1.95 0.00 
S2 105.00 5.00 1250.00 0.00 3.00 3.50 0.00 0.00 
S3 253.33 6.67 1300.00 0.00 1.33 4.00 0.03 0.00 
Overall Mean 195.71 8.71 1428.57 0.00 4.86 4.29 0.57 0.00 
3). North Lawson Urban 
S1 0.00 26.00 1450.00 0.00 8.00 20.50 4.05 0.00 
S2 0.00 16.00 1250.00 0.00 2.00 16.00 0.00 0.00 
S3 0.00 5.00 415.00 0.00 1.00 13.00 0.00 0.00 
Overall Mean 0.00 15.67 1038.33 0.00 3.67 16.50 1.35 0.00 
4). Popes Glen Urban 
S1 13.33 166.67 3000.00 0.00 20.33 32.00 2.93 0.00 
S2 10.00 155.00 5550.00 0.00 6.50 26.00 33.00 0.00 
S3 20.00 36.00 1300.00 0.00 11.50 17.00 0.30 0.00 
Overall Mean 14.29 126.00 3242.86 0.00 13.86 26.00 10.77 0.00 
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Table A9. Summary of mean metals in water for naturally vegetated BMUS (n=4) for each sampling event. Sampling events are 
indicated as S1= Sampling Event 1 (13/04/2018), S2= Sampling Event 2 (17/05/2018) and S3= Sampling Event 3 (21/06/2018 and 
29/06/2018). ND refers to no data collected for that sampling event due to a lack of surface water. Attributes tested include 
aluminium (Al3+), manganese (Mn2+), iron (Fe3+), nickel (Ni2+), zinc (Zn2+), barium (Ba2+), cadmium (Cd2+) and chromium 
(Cr2+). Units for all values are total µg/L. 
Swamp Catchment Type Sampling event Al
3+
 Mn
2+
 Fe
3+ Ni
2+
 Zn
2+
 Ba
2+
 Cd
2+
 Cr
2+
 
5). Mount Hay Naturally vegetated 
S1 290.00 4.00 570.00 0.00 6.50 4.00 1.30 0.00 
S2 ND ND ND ND ND ND ND ND 
S3 ND ND ND ND ND ND ND ND 
Overall Mean 290.00 4.00 570.00 0.00 6.50 4.00 1.30 0.00 
6). Hat Hill Naturally vegetated 
S1 115.00 19.50 400.00 0.00 8.00 5.50 2.05 0.00 
S2 85.00 7.00 270.00 0.00 2.50 4.00 3.95 0.00 
S3 115.00 2.50 315.00 0.00 1.50 4.00 11.15 0.00 
Overall Mean 105.00 9.67 328.33 0.00 4.00 4.50 5.72 0.00 
7). Lawson Naturally vegetated 
S1 120.00 9.50 140.00 0.00 9.50 6.00 1.85 0.00 
S2 90.00 11.33 160.00 0.00 3.33 4.00 0.00 0.00 
S3 115.00 7.50 64.00 0.00 2.50 5.00 0.00 0.00 
Overall Mean 105.71 9.71 126.86 0.00 4.86 4.86 0.53 0.00 
8). Kings Tableland Naturally vegetated 
S1 275.00 16.50 410.00 0.00 33.50 9.00 0.70 0.00 
S2 190.00 10.00 263.33 0.00 31.00 8.00 0.00 0.00 
S3 220.00 8.50 295.00 0.00 29.00 8.00 0.00 0.00 
Overall Mean 222.86 11.43 314.29 0.00 31.14 8.29 0.20 0.00 
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Table A10. Summary of mean metals for water from urban BMUS (n=4) for each sampling event. Sampling events are indicated 
as S1= Sampling Event 1 (13/04/2018), S2= Sampling Event 2 (17/05/2018) and S3= Sampling Event 3 (21/06/2018 and 
29/06/2018). Attributes tested include lead (Pb2+), molybdenum (Mo3+), uranium (U3+), strontium (Sr2+), cobalt (Co2+), arsenic 
(AsO3- and AsO43-), lithium (Li+) and titanium (Ti4+). Units for all values are total µg/L. 
Swamp Catchment Type Sampling event Pb2+ Mo3+ U3+ Sr2+ Co2+ 
AsO3
- 
and AsO4
3- 
Li+ Ti4+ 
1). Bullaburra Urban 
S1 0.50 0.00 0.00 73.00 0.00 0.00 1.00 1.70 
S2 0.00 0.00 0.00 60.00 0.00 0.00 0.00 0.00 
S3 8.00 0.00 0.00 55.33 2.00 3.00 0.00 11.33 
Overall Mean 3.57 0.00 0.00 61.71 0.86 1.29 0.29 5.34 
2). Wentworth Falls Urban 
S1 0.50 0.00 0.00 15.00 0.00 0.00 0.00 1.35 
S2 0.00 0.00 0.00 11.50 0.00 0.00 0.00 0.00 
S3 0.00 0.00 0.00 11.33 0.00 0.00 0.00 1.43 
Overall Mean 0.14 0.00 0.00 12.43 0.00 0.00 0.00 1.00 
3). North Lawson Urban 
S1 0.00 0.00 0.00 39.00 0.00 0.00 0.00 0.00 
S2 0.00 0.00 0.00 31.50 0.00 0.00 0.00 0.00 
S3 0.00 0.00 0.00 24.00 0.00 0.00 0.00 0.00 
Overall Mean 0.00 0.00 0.00 31.50 0.00 0.00 0.00 0.00 
4). Popes Glen Urban 
S1 0.00 0.00 0.00 52.33 0.00 0.00 0.00 0.00 
S2 0.00 0.00 0.00 42.50 0.00 0.00 0.00 0.00 
S3 0.00 0.00 0.00 28.00 0.00 0.00 0.00 0.00 
Overall Mean 0.00 0.00 0.00 42.57 0.00 0.00 0.00 0.00 
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Table A11. Summary of mean metals for water from naturally vegetated BMUS (n=4) for each sampling event. Sampling events 
are indicated as S1= Sampling Event 1 (13/04/2018), S2= Sampling Event 2 (17/05/2018) and S3= Sampling Event 3 (21/06/2018 
and 29/06/2018). ND refers to no data collected for that sampling event due to a lack of surface water. Attributes tested include 
lead (Pb2+), molybdenum (Mo3+), uranium (U3+), strontium (Sr2+), cobalt (Co2+), arsenic (AsO3- and AsO43-), lithium (Li+) and 
titanium (Ti4+). Units for all values are total µg/L. 
Swamp Catchment Type Sampling event Pb2+ Mo3+ U3+ Sr2+ Co2+ 
AsO3
- 
and AsO4
3- 
Li+ Ti4+ 
5). Mount Hay Naturally vegetated 
S1 0.00 0.00 0.00 1.65 0.00 0.00 0.00 1.55 
S2 ND ND ND ND ND ND ND ND 
S3 ND ND ND ND ND ND ND ND 
Overall Mean 0.00 0.00 0.00 1.65 0.00 0.00 0.00 1.55 
6). Hat Hill Naturally vegetated 
S1 0.00 0.00 0.00 1.95 0.00 0.00 0.00 0.00 
S2 0.00 0.00 0.00 1.40 0.00 0.00 0.00 0.00 
S3 0.00 0.00 0.00 1.45 0.00 0.00 0.00 0.00 
Overall Mean 0.00 0.00 0.00 1.60 0.00 0.00 0.00 0.00 
7). Lawson Naturally vegetated 
S1 0.00 0.00 0.00 3.15 0.00 0.00 0.00 0.00 
S2 0.00 0.00 0.00 2.50 0.00 0.00 0.00 0.00 
S3 0.00 0.00 0.00 2.85 0.00 0.00 0.00 0.00 
Overall Mean 0.00 0.00 0.00 2.79 0.00 0.00 0.00 0.00 
8). Kings Tableland Naturally vegetated 
S1 2.00 0.00 0.00 7.75 0.00 0.00 0.00 0.50 
S2 1.00 0.00 0.00 7.47 0.00 0.00 0.00 0.00 
S3 1.00 0.00 0.00 7.20 0.00 0.00 0.00 0.00 
Overall Mean 1.29 0.00 0.00 7.47 0.00 0.00 0.00 0.14 
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Figure A2. Mean (+/- SE) concentrations of aluminium, nickel, zinc and 
cadmium in water in urban (orange) and naturally vegetated (green) BMUS 
recorded in this study. Comparisons are provided across all urban versus 
naturally vegetated BMUS in a), b), c), and d). and for individual BMUS in e), 
f), g), and h). Statistical significance (p value) is indicated in the top right-hand 
corner, with (ns) indicating no statistical significance (p>0.05). Swamp 
identification codes are Bullaburra (BUL), Wentworth Falls (WF), North 
Lawson (NLAW), Popes Glen (PG), Mount Hay (MH), Hat Hill (HH), Lawson 
(LAW) and Kings Tableland (KT). 
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Figure A3. Mean (+/- SE) concentrations of chromium, lead and cobalt in water 
in urban (orange) and naturally vegetated (green) BMUS recorded in this study. 
Comparisons are provided across all urban versus naturally vegetated BMUS in 
a), b), and c). and for individual BMUS in d), e), and f). Statistical significance 
(p value) is indicated in the top right-hand corner, with (ns) indicating no 
statistical significance (p>0.05). Swamp identification codes are Bullaburra 
(BUL), Wentworth Falls (WF), North Lawson (NLAW), Popes Glen (PG), 
Mount Hay (MH), Hat Hill (HH), Lawson (LAW) and Kings Tableland (KT). 
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Figure A4. Mean (+/- SE) concentrations of arsenic, lithium and titanium in 
water in urban (orange) and naturally vegetated (green) BMUS recorded in this 
study. Comparisons are provided across all urban versus naturally vegetated 
BMUS in a), b), and c). and for individual BMUS in d), e), and f). Statistical 
significance (p value) is indicated in the top right-hand corner, with (ns) 
indicating no statistical significance (p>0.05). Swamp identification codes are 
Bullaburra (BUL), Wentworth Falls (WF), North Lawson (NLAW), Popes Glen 
(PG), Mount Hay (MH), Hat Hill (HH), Lawson (LAW) and Kings Tableland 
(KT). 
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Table A12. Comparison of the presence (indicated by a tick ( )) and absence 
(not detected, indicated by a cross (x)) of each attribute tested (n=23) in water 
within the eight BMUS sites (with n=4 urban and n=4 naturally vegetated 
swamps). Sites are indicated as Bullaburra (BUL), Wentworth Falls (WF), 
North Lawson (NLAW), Popes Glen (PG), Mount Hay (MH), Hat Hill (HH), 
Lawson (LAW) and Kings Tableland (KT).  
 
 
 
 
 
 
 
 
 
 
 Urban BMUS Catchments Naturally Vegetated BMUS 
Catchments 
Attribute BUL WF NLAW PG MH HH LAW KT 
Calcium ✓  ✓  ✓  ✓  x x x ✓  
Potassium ✓  ✓  ✓  ✓  x x x x 
Sodium ✓  ✓  ✓  ✓  ✓  ✓  ✓  ✓  
Magnesium ✓  ✓  ✓  ✓  x x ✓  ✓  
Bicarbonate ✓  ✓  ✓  ✓  x x x x 
Sulfate ✓  ✓  ✓  ✓  ✓  x ✓  ✓  
Chloride ✓  ✓  ✓  ✓  ✓  ✓  ✓  ✓  
Aluminium ✓  ✓   x ✓  ✓  ✓  ✓  ✓  
Manganese ✓  ✓  ✓  ✓  ✓  ✓  ✓  ✓  
Iron ✓  ✓  ✓  ✓  ✓  ✓  ✓  ✓  
Nickel ✓    x   x   x   x   x   x   x 
Zinc ✓  ✓  ✓  ✓  ✓  ✓  ✓  ✓  
Barium ✓  ✓  ✓  ✓  ✓  ✓  ✓  ✓  
Cadmium ✓  ✓  ✓  ✓  ✓  ✓  ✓  ✓  
Chromium ✓    x   x   x   x   x   x   x 
Lead ✓  ✓    x   x   x   x   x ✓  
Molybdenum   x   x   x   x   x   x   x   x 
Uranium   x   x   x   x   x   x   x   x 
Strontium ✓  ✓  ✓  ✓  ✓  ✓  ✓  ✓  
Cobalt ✓    x   x   x   x   x   x   x 
Arsenic ✓    x   x   x   x   x   x   x 
Lithium ✓    x   x   x   x   x   x   x 
Titanium ✓  ✓    x   x ✓    x   x ✓  
Total 
Detected (/23) 
21 16 13 14 11 9 11 14 
157 
 
Appendix 3: BMUS Sediment Results 2018 
 
Table A13. Sediment pH and Redox data by depth (approximately 5cm 
intervals) from cores collected from eight BMUS sites (with four urban and four 
naturally vegetated catchments) in June 2018. 
 
 
 
Swamp Catchment Type Depth (cm) 
pH (pH 
units) 
Redox 
(mV) 
Bullaburra Urban 
5 6.96 82 
10 6.99 97 
15 6.81 56 
19 6.74 34 
Wentworth Falls Urban 
5 5.11 82 
10 5.5 57 
15 5.28 33 
20 5.03 20 
North Lawson Urban 
5 5.96 73 
10 6.17 55 
15 6 48 
20 5.93 38 
25 5.68 -20 
28 5.43 -12 
Popes Glen Urban 
5 5.11 79 
10 5.57 58 
15 5.55 21 
20 5.23 -20 
Mount Hay Naturally vegetated 
5 5.3 79 
10 5.11 63 
15 5.27 47 
20 5.3 15 
25 5.07 14 
30 5.22 21 
32 5.12 -30 
Hat Hill Naturally vegetated 
5 4.31 68 
10 4.71 47 
Lawson Naturally vegetated 
5 6.4 362 
10 5.17 382 
15 5.17 125 
20 5.19 30 
25 5.52 25 
30 5.4 32 
35 5.52 45 
40 5.13 44 
Kings Tableland Naturally vegetated 
5 5.11 79 
10 4.99 42 
15 4.82 35 
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Figure A5. XRD spectra for calcium hydroxide (Ca(OH)2) standard (analysed 
using a XRD Bruker D8 Advance). Key peaks identified were located at a). 18 
degrees 2θ and b). 71.5 degrees 2θ. Units on the y axis refers to the count rate. 
 
Figure A6. XRD spectra for calcium carbonate (CaCO3) standard (analysed 
using an XRD Bruker D8 Advance). Units on the y axis refers to the count rate.
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Figure A7. XRD spectra for surface sediment samples (0-10cm) from urban 
(n=3) BMUS from a). Preliminary XRD run 1 and b). Preliminary XRD run 2. 
Swamp sites are identified as Bullaburra (red), North Lawson (dark blue) and 
Popes Glen (light green). The y axis refers to the count rate.   
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Figure A8. XRD spectra for surface sediment samples (0-10cm) from naturally 
vegetated (n=4) BMUS from a). Preliminary XRD run 1 and b). Preliminary 
XRD run 2. Swamp sites are identified as Mount Hay (light blue), Hat Hill 
(pink), Lawson (dark green) and Kings Tableland (orange). The y axis refers to 
the count rate. 
161 
 
 
Figure A9. XRD spectra for sediment samples from cores collected from urban 
BMUS by depth. a). Wentworth Falls at 3cm (black), 15cm (orange) and 20cm 
(dark blue) and b). North Lawson at 5cm (dark blue), 9cm (maroon) and 20cm 
(black). The y axis refers to the count rate.
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Figure A10. XRD spectra for sediment samples from cores collected from 
naturally vegetated BMUS by depth. a). Mount Hay at 5cm (light blue), 18cm 
(orange) and 28cm (black) and b). Hat Hill at 5cm (pink). The y axis refers to 
the count rate.   
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Figure A11. XRD spectra for sediment samples from cores collected from 
naturally vegetated BMUS by depth. a). Lawson at 5cm (dark green), 10cm 
(red) and 30cm (dark blue) and b). Kings Tableland at 5cm (orange) and 17cm 
(dark green). The y axis refers to the count rate. 
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Figure A12. SEM images of sediment from urban Wentworth Falls (WF) BMUS 
at 40 times magnification. Samples were analysed by depth of distinct layers, 
which included at the surface, organic layer (3cm), clay (15cm) and sandy clay 
(20cm). Elemental analysis (EDS) was conducted at three locations (indicated by 
red squares) for each sample. The corresponding EDS spectra for each scan 
(S1= red, S2= blue, S3= brown) are presented on the right.  
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Figure A13. SEM images of sediment from urban North Lawson (NLAW) 
BMUS at 40 times magnification. Samples were analysed by depth of distinct 
layers, which included at the surface peat layer (5cm), clay (9cm) and sandy clay 
(20cm). Elemental analysis (EDS) was conducted at three locations (indicated by 
red squares) for each sample. Three scans were conducted for each sample, 
however only two are identified in each image as the third scan analysed for 
each sample was outside of the field of view of the image. The NLAW 20cm 
image was also taken at 60 times magnification. The corresponding EDS spectra 
for each scan (S1= red, S2= blue, S3= brown) are presented on the right.  
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Figure A14. SEM images of sediment from naturally vegetated Mount Hay 
(MH) BMUS at 40 times magnification. Samples were analysed by depth of 
distinct layers, which included at the surface peat layer (5cm), clay (18cm) and 
clay (28cm). Elemental analysis (EDS) was conducted at three locations 
(indicated by red squares) for each sample. The corresponding EDS spectra for 
each scan (S1= red, S2= blue, S3= brown) are presented on the right.  
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Figure A15. SEM images of sediment from naturally vegetated Lawson (LAW) 
BMUS at 40 times magnification. Samples were analysed by depth of distinct 
layers, which included at the surface peat layer (5cm), clay (10cm) and sandy 
clay (30cm). Elemental analysis (EDS) was conducted at three locations 
(indicated by red squares) for each sample. Three scans were conducted for 
each sample, however only two are identified in the LAW 30cm sample as the 
third scan analysed was outside of the field of view of the image. The LAW 
30cm image was also taken at 60 times magnification. The corresponding EDS 
spectra for each scan (S1= red, S2= blue, S3= brown) are presented on the right.  
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Figure A16. SEM image of sediment from naturally vegetated Hat Hill (HH) 
BMUS at 40 times magnification. Only the surface peat layer was sampled 
(5cm) due to breakage of the core during extraction. Elemental analysis (EDS) 
was conducted at three locations (indicated by red squares). The corresponding 
EDS spectra for each scan (S1= red, S2= blue, S3= brown) are presented on the 
right.  
 
Figure A17. SEM images of sediment from naturally vegetated Kings Tableland 
(KT) BMUS at 400 times magnification. Samples were analysed by depth of 
distinct layers, which included at the surface peat layer (5cm) and clay (17cm). 
Elemental analysis (EDS) was conducted at three locations for each sample, 
however the images show the area of Scan 1 (S1) for each sample. The EDS 
spectra for each scan (S1= red, S2= blue, S3= brown) are presented on the right.  
 
 
